Rate dependent behaviour of unsaturated soil with different overconsolidation ratios and its constitutive modelling by Wu, S
  
RATE DEPENDENT BEHAVIOUR OF 
UNSATURATED SOIL WITH DIFFERENT 
OVERCONSOLIDATION RATIOS AND ITS 
CONSTITUTIVE MODELLING 
 
 
 
 
 
 A thesis submitted in fulfilment of the requirements for the degree of 
Doctor of Philosophy  
 
 
 
 
 
 
Wu Sheng Shen 
B.Eng (University of Macau), M.Eng (University of Macau) 
 
 
 
 
 
 
 
 
School of Engineering 
 College of Science, Engineering and Health 
RMIT University 
 
DEC/2018 
 
  
 2 
 
DECLARATION  
 
I certify that except where due acknowledgement has been made, the work is that of the 
author alone; the work has not been submitted previously, in whole or in part, to qualify 
for any other academic award; the content of the thesis is the result of work which has 
been carried out since the official commencement date of the approved research 
program; any editorial work, paid or unpaid, carried out by a third party is 
acknowledged; and, ethics procedures and guidelines have been followed. 
 
 
 
Wu shengshen 
2019/JAN/04 
 
  
 3 
 
STATEMENT OF SOURCES 
 
To the best of my knowledge and belief, the report presented in the thesis ‘Rate 
dependent behaviour of unsaturated soil with different overconsolidation ratios 
and its constitutive modelling’ is original unless otherwise acknowledged in the text. 
The material, in whole has been submitted to the degree of Doctor of Science in Civil 
Engineering at RMIT University. 
 
 
 
 
 4 
 
ACKNOWLEDGMENTS 
First and foremost, I want to express my full acknowledgments to my supervisor Dr. Annan Zhou for 
his guidance and support during my PhD degree study. Moreover, I would also like to thank my co-
supervisor Dr Jie Li, for useful suggestion and valuable input on my research. I acknowledge the 
professional editorial work by Dr Bradley Smith. Finally, I am deeply appreciated to my family. They 
give me lots of support during my study in RMIT University. 
 
  
 5 
 
LIST OF PUBLICATIONS 
Journal papers: 
 
ZHOU, A., WU, S., LI, J. & SHENG, D. (2018). Including degree of capillary saturation into 
constitutive modelling of unsaturated soils. Computers and Geotechnics, 95, 82-98. 
 
XU, Y., WU, S., DAVID, W. & MEHDI, S. (2018). Determination of peak and ultimate shear strength 
parameters of compacted clay. Engineering Geology ,243, 160-167. 
 
WU, S., ZHOU, A., LI, J., KODIKARA, J. & CHENG, W. (2018). Hydromechanical behaviour of 
overconsolidated unsaturated soil in undrained conditions. Canadian Geotechnical Journal, 
manuscript ID cgj-2018-0323.R2 (accepted). 
 
 
Conference papers: 
 
ZHOU, A., WU, S. & LI, J. (2018) A constitutive model for unsaturated soils using degree of capillary 
saturation and effective interparticle stress as constitutive variables. Springer, pp. 79-86. 
ZHOU, A., WU, S. & LI, J. (2018) A constitutive model for unsaturated soils using capillary effective 
stress and capillary degree of saturation as two constitutive variables. Proc. of the 7th 
International Conference on Unsaturated Soils. 
WU, S., LOK, M. H. & ZHOU, A. (2017). Undrained Behavior of Macau Marine Clay with Various 
Strain Rates and Different Stress Histories. Springer, 816-826. 
LOK, M. H., Shi, X., & WU, S. (2016). Variation of shear wave velocity of Macao marine clay 
duringsecondary consolidation. Japanese Geotechnical Society Special Publication, 2(15), 
587-590. 
 
 
In addition to the above journal papers, there is one journal papers published during my MSc 
studies in Macau. This paper gave me strength to continue my PhD study in civil engineering: 
 
MEI, G. X., LOK, M. H., XIA, J., & WU, S. (2013). One-dimensional consolidation with 
asymmetrical exponential drainage boundary. Geomechanics and Engineering 6(1), pp. 47-63. 
 
  
 6 
 
SUMMARY OF RESEARCH REPORT 
 
This study is to investigate the strain-rate effects on unsaturated silt under different 
overconsolidation ratios (OCRs) and its constitutive modelling. A series of unsaturated triaxial tests 
under different strain rates are conducted with specimens prepared either isotropically normal 
consolidated or overconsolidated. The investigation focuses on the strain-rate effects and the influence 
of overconsolidation ratios on unsaturated silt. The experimental results and discussions include strain 
rate and OCR effects on the shear strength, pore water pressure, degree of saturation, and volume 
change during unsaturated triaxial tests. Furthermore, a new elastic visco-plastic (EVP) model is 
proposed for predicting the strain-rate effects on unsaturated silt. The formulation of the new EVP 
model is derived using the time-related, suction-related, and OCR-related function for unsaturated soils, 
and it is validated with the conducted experimental data. Lastly, the EVP model is applied to predict 
unsaturated triaxial and soil water retention tests either conducted in this research or from literatures. 
The results indicate that the proposed model gives a better explanation of the strain-rate effects on 
unsaturated soils with different OCRs. 
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CHAPTER 1: INTRODUCTION 
 
 
1.1 Background of present research 
 
In Australia, the upper soil layers are usually unsaturated in nature. Agricultural activities and 
construction activities (such as excavation and earthwork) are influenced by the saturated and 
unsaturated conditions of soils. Water content change alters the mechanical and hydraulic properties 
of a soil. Unsaturated soils can experience volume change upon a water content change even under a 
constant stress level. Sustained rainfall may also result in slope failures because the significant loss of 
shear strength associated with the rise in the degree of saturation. If unsaturated soils are cast into 
various stress histories and different rates, infrastructure that stands on unsaturated soil foundations 
can be severely damaged with a large induced deformation due to drying and wetting. 
 
 In general, unsaturated soil is different from saturated soil that unsaturated soil is a mixed with air, 
water and soil particles. A saturated soil is a special case of the unsaturated soil when degree of 
saturation reaches to 1. Compared to the aforementioned research on marine clays and their 
reconstituted materials(Yin and Graham, 1999, Zhu and Yin, 2000, Sheahan et al., 1996, Wu et al., 
2017, Nishimura et al., 1999a)., little work has been done to investigate the rate effect under the over-
consolidated unsaturated samples. For unsaturated soil, Suction is one of the key factors to explaining 
the hydro mechanical behavior of unsaturated soils. Therefore, due to the unstable shear strength of 
unsaturated sediments under different stress history, it is an important technical problem to study the 
stress history of unsaturated soils. In addition, unsaturated soils generally have two types of failure 
(Brand, 1981): occurs under constant water content conditions, and the amount of water contained in 
the pores under any suction rapid failure and slow failure occurring under constant suction conditions. 
Rahardjo et al. (2004) pointed out that non-drainage experiments always correctly simulate site soil 
failure. A lot of people have studied extensively through theoretical and experimental methods 
(Nicotera et al., 2015, Sheng, 2011). They normally choose compacted soils for experiments, however, 
it is hard to make the compacted soil samples homogeneous not only in soil structures, but also in 
water content, initial suction etc. And it is also very hard to compare the pore pressure change with 
different samples during the shearing correctly. In this case, the influence of stress history on 
unsaturated soils is rarely discussed in the literature, especially the stress history of unsaturated soils 
on pore-pressure, volume change, shear strength, degree of saturation under undrained conditions. In 
reality, the atmosphere pressure normally remain constant. Therefore, it is very important to study the 
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influence of unsaturated soil stress history and the behaviour of unsaturated soil hydraulic machinery 
under constant water content conditions. 
 
. The theoretical progress in modelling the mechanical or hydromechanical behaviour of 
overconsolidated unsaturated goes beyond the progress in experiments.  For example, Yao et al. 
(2014b) extended the UH model originally developed for overconsolidated saturated soils (Yao et al., 
2009, Yao et al., 2008) to unsaturated soils by introducing the concept of load-collapse surface.  
Based on the sub-loading surface plasticity, Zhou and Sheng (2015b) extended their fully-coupled 
hydromechanical model for normally-consolidated unsaturated soils (Zhou et al., 2012f, Zhou et al., 
2012g) to overconsolidated unsaturated soils.  Very recently, based on the framework proposed by 
Zhou et al. (2012f), Li and Yang (2018) proposed a new hydromechanical model for overconsolidated 
unsaturated soils by introducing a new state variable related to the stress history.  It is noted that, for 
the model validation, these mechanical or hydromechanical models employ the very limited 
experimental data (Sun et al., 2007a, Sun et al., 2007c, Estabragh and Javadi, 2008, Estabragh and 
Javadi, 2014) mentioned previously.  It shows clearly a high demand on experimental progress in this 
area and there is limited model to express rate effects on unsaturated soil under different stress history. 
 
 In this research, rate-dependent behaviour of unsaturated soils with different overconsolidation 
ratios (OCRs) was investigated by using advanced laboratory tests. A series of systematic unsaturated 
triaxial tests were carried out to investigate the strain-rate effect on shear strength, volume change, 
water-retention, suction of unsaturated soil specimens with different OCRs.. Furthermore, based on 
previous theoretical frameworks (Yao et al., 2014b, Zhou and Sheng, 2015a), a new visco-elastoplastic 
constitutive model is proposed to consider the strain-rate effects on unsaturated soils under different 
OCRs. The predictions of the proposed constitutive model are validated against the experimental data 
obtained in this research. 
 
1.2 Research aims 
 
According to the understanding of unsaturated soil behaviour, the ideal material for the study was a 
collapsible soil, which is the reason for choosing Glenroy silt. The compaction characteristics of 
unsaturated silt are varied due to sample difference. A series of experiments are conducted using a 
variety of equipment, including SWCC apparatus, as well as GDS unsaturated triaxial apparatus. The 
SWCC behaviour under different OCRs are also investigated. The existing constitutive model hardly 
explains the relationship between rate effects under different OCRs for unsaturated soil and the SWCC 
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curves under different OCRs. In this case, a new model is introduced and the interpreted experimental 
results analysed.  
 
To summarize the research aims are addressed as follows: 
 To determine the basic physical properties of silt: liquid limit, plastic limit, plastic index, etc.  
 To estimate the shear strength change, volume change, and suction change of the unsaturated silt 
for experiments under different strain rates in triaxial tests under different OCR values.  
 To build a new EVP model for the strain-rate effects on unsaturated silt under different OCRs.  
 To interpret the experimental results by using the new proposed EVP model. 
 
1.3 Thesis outlines 
Chapter 2 Literature review  
 
Chapter 2 presents a literature review to describe the hydro-mechanical behaviour of unsaturated soil, 
related experimental techniques, and constitutive modelling to validate the experiments in the research. 
Current gaps in knowledge are also discussed, together with the specific objectives in this research.  
 
Chapter 3 Basic properties of Glenroy silt 
 
In Chapter 3, the characteristics of Glenroy silt are described. The Atterberg limits, specific gravity is 
also investigated. Finally, the confined wetting/drying behaviours under different OCRs are described. 
Study of fabrics through Scanning Electron Microscope (SEM) was carried out. Some results are 
presented of differences in the fabrics of the samples, which may resulting of differences in properties 
and loading/wetting.  
 
Chapter 4 Laboratory testing procedures 
 
Chapter 4 presents an introduction to the test apparatuses during the whole experiment, which include 
the consolidometer, Fredlund SWCC device and unsaturated triaxial apparatus and the testing schedule 
are given in this chapter. This chapter is divided into several parts. The first part is concerned with test 
apparatus. Next, the calibration for unsaturated triaxial apparatuses will be given. Lastly, the testing 
schedule will be outlined. 
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Chapter 5 Laboratory testing results and analysis 
 
This chapter presents the experiment results of this research. The SWCC curve under different initial 
confining stresses and the behaviour of Glenroy silt are investigated by using different shearing rates 
with different suctions under different OCRs. In addition, the discussion of the experiment results are 
included in this chapter. Moreover, the differences in behaviour between different OCRs and strain 
rates for unsaturated samples are also discussed. 
 
Chapter 6 Constitutive model & its validations 
 
This chapter presents a new 3D EVP model for unsaturated soils with rate dependent and OCR 
dependent behaviour. This model is a comprehensive constitutive model which accounts for 
hydrological and mechanical behaviours of unsaturated soil. The predictions of the strain-rate and 
OCR responses are compared with the experiment data which are obtained from unsaturated triaxial, 
odemeter, and soil water retention curve (SWCC) tests. Furthermore, a quantitative interpretation is 
made, as observed from all experiments with reference to the two types of elastoplastic frameworks: 
those using the two conventional stress variables, and those using the two modified stress variables. 
Both volumetric and shear behaviours are interpreted.  
 
Chapter 7 Conclusions  
The conclusion for the experimental results and the new EVP model are summarized and 
recommendations for future study presented in this chapter. Equation Chapter 2 Section 1 
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CHAPTER 2：LITERATURE REVIEW 
 
 
2.1 Introduction 
 
A literature review is presented in this chapter which comprise the behaviour of saturated and 
unsaturated soils, their related experimental results, and the related hydro-mechanical constitutive 
modelling. The first part, section 2.2 introduce the soil suction and soil-water retention behaviour for 
unsaturated soil. Moreover, in section 2.3, 2.4 and 2.5, the rate-dependent effects and OCR effects for 
saturated and unsaturated soils will also be reviewed. After that, in section 2.6, the hydro-mechanical 
model for unsaturated soils will be mentioned. Lastly, in section 2.7, the current gaps together with the 
objective of this research will be discussed. 
 
2.2 Soil suction and soil-water retention behaviour 
 
Soil suction is important to the development of unsaturated soil strength and volume changes in 
unsaturated soils that lie above the natural water table. In recent years, soil suction has assumed a 
greater role in geotechnical engineering. Significant works have been made in this area. Regarding 
experimental investigations, several important research results have been achieved by  using various 
ways to explore unsaturated soil behaviour(Merchán et al., 2011, Cuomo et al., 2016, Hoyos et al., 
2015, Alabdullah, 2010, Hoyos et al., 2011). Next, there has been improvement made in suction and 
water content measuring techniques(Ackerley et al., 2016, Muñoz-Castelblanco et al., 2012, Mora 
Ortiz, 2016). The presence of soil suction is particularly important in the study of slopes where the 
pore pressure increases, and stability brought about by suction-induced increases of strength can be 
compromised. After that, on the improvement of the volume change measurement techniques.(Romero 
et al., 1997, Wang et al., 2016, Li et al., 2015, Mora Ortiz, 2016). Over last 20 years, measurement of 
soil suction, volume change and deviator stress during the shearing are becoming a trend in the study 
unsaturated soil behaviour. It is well established that suction increases the soil shear (Rico and Del 
Castillo, 1974). 
 
Moreover, the appropriate pressure variable is also necessary to be selected. Due to the axis transit 
technique mentioned by (Alonso et al., 1990a), the suction is equal to the difference between the air 
pressure and the water pressure, which is defined as:  
         a ws u u            (2.1) 
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where ua is air pressure and uw is water pressure. In order to describe the results of the unsaturated soil 
experiments, the effective stress is expressed as 
         rp p S s             (2.2) 
where p is net confining stress and Sr is degree of saturation. 
 
Many properties of unsaturated soil can be obtained from the soil water retention curve (SWCC), 
such as shear strength, the amount of water contained in the pores at any suction and coefficient of 
permeability are already discussed by many researchers (Assouline, 2001, Fredlund et al., 1996, 
Fredlund et al., 1994, Mualem, 1976, Wheeler, 1996). Moreover, water retention behaviour. Soils with 
different OCRs are relatively have different air entry values. The water retention curve dependency on 
the different initial density has been discussed and modelled by several researchers.(Gallipoli et al., 
2003b, Mašín, 2010, Zhou et al., 2012e) Generally, SWCC gives the relationship between the water 
content and the soil suction. The water content is defined as the amount of water present in a pore 
space among soil particles. Furthermore, the SWCC also represents the ability of soil to maintain water 
at a certain suction level and it can be expressed in different terms, such as water content, volumetric 
water content etc. Soil suction can be expressed as matric suction which is regarded as the total suction 
on the supposition that matric suction is predominant at a lower suction level in the geotechnical 
engineering field and this suction level is called the air-entry value (AEV). AEV is defined as the 
suction level which air begins to enter the largest soil pores in the first time. The residual water content 
is defined as the minimum volumetric water content which soil can maintain in any condition. Pore-
water primarily as an isolated formation that cannot be removed even by the application of extremely 
high pressure. Schubert et al. (1975) indicate the SWCC can generally be divided into three zones 
according to the state of water retention which are the capillary zone, the continuous capillary water 
zone and the residual water zone. The soil in the capillary zone remains saturated under negative water 
pressure. The soil in the continuous capillary zone is characterized by a continuous water phase. The 
soil in the residual zone is characterized by an isolated, discontinuous water phase. However, in this 
research, different method to consider SWCC is been used.  
 
2.3 The effect of stress histories  
 
Most of soils in the natural environment are partially saturated. Unsaturated soils are generally near 
the ground surface, which are normally overconsolidated due to environmental effects. A change in 
the climatic environment changes the matric suction and results in a continuously changing stress state, 
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or stress history, in the soil (Nishimura et al., 1999b).It is normally considered that stress history is one 
of the key factors in explaining the hydro-mechanical behaviour of unsaturated soil. Therefore, due to 
unstable shear strength of unsaturated sediments under different stress histories, this is an important 
technical problem to study the stress history of unsaturated soils.  
 
Although soil mechanics was initiated from the study on saturated soil behaviour, some significant 
advances in understanding of unsaturated soil behaviour have been seen in the last thirty years, both 
in laboratory testing and in the development of constitutive models (Alonso et al., 1990b, Wheeler, 
1996, Fredlund et al., 1996, Gallipoli et al., 2003a, Cui and Delage, 1996b, Bolzon et al., 1996, Khalili 
and Loret, 2001, Kodikara, 2012, Zhou et al., 2012f, Sheng et al., 2008, Lu et al., 2010, Sun et al., 
2007a).  However, as reviewed recently by Gens (2010a) and Sheng (2011b), unsaturated soil 
mechanics is still at an early stage and there are still a number of fundamental but unanswered 
questions. For example, regarding laboratory testing, compacted unsaturated soils have been 
overwhelmingly studied, but reconstituted unsaturated soils are rarely been investigated in the 
literature. Compared with unsaturated soils prepared from compaction, unsaturated soils prepared from 
the initial slurry state show more clear stress and suction histories, this soil condition are of benefit for 
understanding the fundamental behaviour of unsaturated soils and constitutive modelling. In addition, 
the stress history (or overconsolidation) is a key factor in saturated soil mechanics, but has seldom 
been investigated in the context of unsaturated soil mechanics. One of the reasons for this is that the 
stress history cannot be clearly identified for compacted unsaturated soils. 
 
 The stress history normally has two aspects: normally consolidated and over consolidated. When 
the current effective stress is the maximum value, it is known as normal consolidated. When the 
effective pressure of the past is greater than the present effective pressure, it is called over- 
consolidated. Rahardjo et al. (2004) suggest that  
         OCR c
s
p
p

            (2.3) 
where 𝑝ୡ is prestressed and represents the maximum stress applied on the soil, and sp  is the maximum 
effective stress that the soil has ever experienced being applied to the soil, and this is defined as OCR; 
s represents the inflation pressure, which appears to determine the OCR for in situ conditions, but not 
for laboratory experiments of reshaped samples (Estabragh and Javadi, 2008). Considering these 
deficiencies, Nishimura et al. (1999a) propose equation(2.4) to represent the consolidation ratio, 
         TSR = pcomp / (σv-ua)         (2.4) 
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where Pcomp is static compaction pressure, and σv-ua is the current limiting pressure. Zhang et al. (2015) 
propose the suction history effect on the behaviour of unsaturated expansive soils, and the average 
skeleton stress ratio (ASS ratio) equation(2.5) to represent the consolidation ratio, 
         ASS ratio = σ'max / σ'c         (2.5) 
where σ'max corresponds to the maximum stress state point, and σ'c represents the initial actual stress 
point. Since these studies all propose different definitions of consolidation ratios, then more research 
is needed to define the OCR of unsaturated soils. Since the definition of OCR has not yet been 
determined, traditional OCR definitions are used in the present study. 
 
The experimental study of the mechanical behaviour of over consolidated unsaturated soils is very 
limited but has been initiated. To study the dependence of the shear strength parameters on the stress 
history, Nishimura et al. (1999b) conducted a series direct shear tests by using a modified direct shear 
apparatus on a statically compacted unsaturated soil subjected to various total stress ratios (TSR) with 
controlled matric suction. The critical state and Roscoe and Hvorslev state boundary surfaces have 
been investigated for an overconsolidated unsaturated silty soil through a set of controlled suction 
triaxial laboratory experiments (Estabragh and Javadi, 2008, Estabragh and Javadi, 2014). The soils 
used in their study consisted of 5% sand, 90% silt, and 5% clay. The liquid limit and plasticity index 
were 29% and 19%, respectively. The suctions are 0, 100, 200 and 300kPa and the OCRs were 
estimated from 1.38 to 11. The definition of the OCR used in their study is not well defined because 
the stress history for a compacted unsaturated soil is naturally vague when two independent variables 
are involved (Nishimura et al., 1999b). In addition, regarding the experimental study conducted by 
Estabragh and Javadi Estabragh and Javadi (2008), Estabragh and Javadi (2014), only the mechanical 
responses were monitored but no hydraulic and hydro-mechanical data were recorded, which restricted 
the application of their results especially when the coupling behaviours emphasised.  For the 
compacted unsaturated soils, the stress history effect can also be affected by the different densities, 
and the effect of density on the hydro-mechanical behaviour of the compacted unsaturated soils has 
been studied in the literature.  For example, compacted pearl clay at different densities were tested in 
a suction-controlled oedometer and triaxial to study its hydro-mechanical behaviour, especially the 
wetting-collapse behaviour(Sun et al., 2007a, Sun et al., 2007c). However, to highlight the collapse 
behaviour, the densities were set to be relatively low and therefore the equivalent OCR calculated by 
Li and Yang (2018) is relatively low as well (OCR = 1.45 ~ 2.67). Furthermore, no test results have 
been reported for overconsolidated unsaturated soils in undrained conditions, especially when we 
consider the measurement of the changes in stress, strain, suction, and degree of saturation during the 
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tests. 
 
The theoretical progress in modelling the mechanical or hydro-mechanical behaviour of 
overconsolidated unsaturated soils goes beyond the progress in experiments. For example, Yao et al. 
(2014b) extend the UH model originally developed for overconsolidated saturated soils (Yao et al., 
2009, Yao et al., 2008) to unsaturated soils by introducing the concept of load-collapse surface.  
Based on the sub-loading surface plasticity, Zhou and Sheng (2015b) extend their fully-coupled hydro-
mechanical model for normally-consolidated unsaturated soils (Zhou et al., 2012f, Zhou et al., 2012g) 
to overconsolidated unsaturated soils. Very recently, based on the framework proposed by Zhou et al. 
(2012f), Li and Yang (2018) propose a new hydro-mechanical model for overconsolidated unsaturated 
soils by introducing a new state variable related to the stress history. It is noted that, for the model 
validation, these mechanical or hydro-mechanical models employ very limited experimental data (Sun 
et al., 2007a, Sun et al., 2007c, Estabragh and Javadi, 2008, Estabragh and Javadi, 2014) as mentioned 
previously. This shows clearly a high demand on experimental progress in this area. 
 
In addition, unsaturated soils generally have two types of failure (Brand, 1981), rapid failure 
occurring under constant water content conditions where the amount of water contained in the pores 
under any suction and slow failure occurring under constant suction conditions. Rahardjo et al. (2004) 
point out that non-drainage experiments always correctly simulate site soil failure. Many scholars have 
studied extensively through theoretical and experimental methods (Nicotera et al., 2015, Sheng, 2011a). 
They normally choose compacted soils for experiments, however, it is difficult to make the compacted 
soil samples homogeneous not only in soil structures, but also in water content, initial suction etc. It is 
also difficult to compare the pore pressure change with different samples during the shearing correctly. 
In this case, the influence of stress history on unsaturated soils is rarely discussed in the literature, 
especially the stress history effect of unsaturated soils on pore pressure, volume change, shear strength, 
degree of saturation under undrained conditions. In reality, the atmosphere pressure normally remain 
constant. Therefore, it is crucial to study the influence of unsaturated soil stress history and the 
behaviour of unsaturated soil hydraulic machinery under constant water content conditions. 
 
2.4 Rate effect 
 
Strain rate is the change in strain/deformation of a soil with respect to time. The research on strain rate 
effects of saturated soil was initiated for several years. Some representative experimental studies on 
rate effects for saturated soil already been presented by Richardson and Whitman (1963), Bjerrum 
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(1967), Vaid and Campanella (1977), Mesri and Godlewski (1977), Graham et al. (1983), Sheahan et 
al. (1996), Zhu et al. (1999) ,Yin and Zhu (1999) etc. Based on the experimental results, many 
theoretical models to describe rate effect of saturated soil also have been established (Taylor, 1948, 
Singh and Mitchell, 1968, Bishop, 1969, Leroueil et al., 1985, Yin and Graham, 1999, Zhu et al., 1999, 
Augustesen et al., 2004, Liingaard et al., 2004, Laloui et al., 2008, Yao et al., 2014a). From these 
studies, some significant advances in understanding rate effects for saturated soil have been achieved. 
It is believed that the soil strength during shearing is increased with increasing strain rates, and soil 
deformation is increased with time during compression for saturated soil.  
 
Besides the rate effect problems for saturated soil, general practice is often confronted with rate 
effect problems for unsaturated soil. For example, the long-term settlement and stability of a shallow 
foundation is normally built on unsaturated soil. The deformation and stability of a railway roadbed is 
normally concerned with unsaturated soils. Thus, it is an important technical problem to study the 
strain rate effects on unsaturated soils. 
 
 Experimental research on strain rate effects for unsaturated soil has started by many researchers, 
Kierzkowski (2007) studied the influence on 1-D time-dependent behaviour of an unsaturated soil, Li 
et al. (2012) studied the creep behaviour of unsaturated clay under different loading conditions, Zhu 
and Yu (2014)performed creep tests on unsaturated weak intercalated soils by using GDS triaxial 
apparatus, Ye et al. (2014)studied the creep behaviour of Gaomiaozi unsaturated bentonite under large 
suction condition, and some others (Sheng et al., 2008, Lu et al., 2010, Sun et al., 2007a, Li et al., 2012, 
Oka et al., 2010, Zhang et al., 2014). From these researches, a general profile for unsaturated soil 
already been made, however, there are still a number of fundamental but unanswered questions. For 
example, to study the shearing rate dependence of the shear strength parameters for unsaturated soil, 
Oka et al. (2010) conducted a series of unsaturated triaxial tests under full undrained conditions for 
water and air being all constant in the compacted silty clay specimen. The strain rates are from 
0.05%/min to 0.75%/min, it was found that the deviator stress decreased with strain rate for unsaturated 
undrained triaxial test in large strain range. However, Zhang et al. (2014) conducted a series of suction 
controlled unsaturated triaxial tests, the soils used in their study was a subbase course material and the 
strain rates are from 0.05%/min to 0.5%/min. it found that the deviator stress increases with the 
increased of strain rate for unsaturated soil. Thus, it may concluded that the influence of strain rate for 
unsaturated soil shear strength is not clear so far.  
 
 Furthermore, the research of unsaturated theoretic model also started by many researchers, for 
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example,  Alonso et al. (1990a) gave the BBM model to describe the hydromechanical behaviours of 
unsaturated soil, De Gennaro and Pereira (2013) introduced a viscoplastic model for unsaturated 
geomaterials, Zhou et al. (2012f), Zhou et al. (2012g) extended their fully-coupled hydromechanical 
model for normally-consolidated unsaturated. Azari et al. (2015) indicated an elastic visco-plastic 
model with nonlinear creep function incorporated in the consolidation equations for unsaturated soil 
and others (Wheeler, 1996, Fredlund et al., 1996, Gallipoli et al., 2003a, Cui and Delage, 1996b, 
Bolzon et al., 1996, Khalili and Loret, 2001, Kodikara, 2012, Sheng et al., 2008). Form these researches, 
it should be noticed that, existed theoretic model researchers could only use compacted soil 
experiments to validate their model results. However, the rate effects for a compacted unsaturated soil 
is naturally vague compared with unsaturated soils prepared from slurry, unsaturated soils prepared 
from the initial slurry state show more clear stress and suction histories which benefit for understanding 
the hydromechanical behaviour of unsaturated soils and improve the related theoretic model.  
 
2.5 Strain rate effect under different stress histories 
 
Strain rate effect under different OCRs are initiated from saturated soil, most studies show that the 
shear strength generated in the specimen during shearing is larger at a higher strain rate. For example, 
Richardson and Whitman (1963) and Sheahan et al. (1996), the relationship between normalized 
undrained shear strength and axial strain rate is shown in Figure 1. Yin and Graham (1999), Zhu et al. 
(1999)also found that a higher strain rate results in higher shear strength in undrained triaxial 
compression tests for normally consolidated soil as shown in Figure 2.  
 
Figure 1 Normalized shear strength versus strain rate (Sheahan et al., 1996) 
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Figure 2 Relationship of axial rate versus normalized undrained shear strength(Zhu et al., 1999) 
 
The analysis of the stress history and strain rate effect of unsaturated soil stress requires accurate 
description of the hydraulic mechanical behaviour of unsaturated soils. In general, the position in the 
retention plane of the drying and wetting water retention curves depends on the minimum and 
maximum substrate suction values it experienced by the test sample (Nicotera et al., 2015) and many 
unsaturated soil properties can also be obtained from SWCC (Fredlund et al., 1978a).  
 
The studies on strain rate effects under different OCRs for unsaturated soil are fewer. Oka et al. 
(2010) ,Vanapalli and Fredlund (2000) and Zhang et al. (2014) presented the results of triaxial 
compression tests for unsaturated soil under controlled suction conditions , Oka et al. (2010) found 
that the deviator stress is decreased with strain rate for unsaturated undrained triaxial test under 
normally-consolidated conditions. However, Zhang et al. (2014) found that the deviator stress increase 
with the increased of strain rate. From these studies, it may be concluded that the influence of strain 
rate for unsaturated soil shear strength is so far not clear and there is no research to discuss the strain 
rates under different OCRs for unsaturated soil.  
 
Moreover, Rahardjo et al. (2004) point out that non-drainage experiments always correctly simulate 
site soil failure. Many people have studied through theoretical and experimental methods (Nicotera et 
al., 2015, Sheng, 2011a, Zhan and Ng, 2006, Vanapalli and Fredlund, 2000, Oka et al., 2010), normally 
choosing compacted soils for experiment, however, it is difficult to make the compacted soil samples 
homogeneous and it is also very hard to compare the pore pressure change with different samples 
during the shearing correctly (Gao et al., 2015). Moreover, the soil test for different strain rate is time 
consuming, especially for samples with small strain rate. In this case, the influence of strain rates on 
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unsaturated soils is rarely discussed in the literature, especially the influence of unsaturated soils on 
pore-pressure, volume change, shear strength and degree of saturation under undrained conditions. In 
reality, the water table normally remain constant when disaster shearing happens over a short period 
and the atmosphere pressure normally remains constant. Therefore, it is crucial to study the influence 
of unsaturated soil strain rates and the behaviour of unsaturated soil hydraulic machinery under 
constant water content conditions. 
 
2.6 Hydro-mechanical models for unsaturated soils  
 
Analysis of the strain-rate behaviours of unsaturated silt under different OCRs requires accurate 
description of the hydro-mechanical behaviour of the soils involved. The developments of hydro-
mechanical constitutive models starts from Terzaghi’s theory(Terzaghi, 1951). However, Terzaghi’s 
effective stress equation needed to consider the reduced area which is occupied by water in pores. 
Later on, Bishop and Blight (1963) suggested a modified expression for the effective stress in order to 
obtain an effective stress but it is difficult to explain collapse behaviour. Gradually, the effective stress 
equations for unsaturated soils have been widely discussed, and these can be classified into two 
approaches: (1) stress versus suction approach (Alonso et al., 1990a, Chiu and Ng, 2003, Sheng et al., 
2008) (2) stress versus degree of saturation approach (Zhou et al., 2012a, Huang et al., 2011, Morvan 
et al., 2010). 
 For the first approach, construct suction is directly put into the constitutive model which makes it 
possible to predict/validate specific behaviours of unsaturated soils, such as volume change behaviour, 
loading–collapse behaviour and strength change behaviour. Moreover, the stress–suction approach is 
still consistent with experiment tests, usually, suction is a controllable and independent variable in 
experiments. Furthermore, existing constitutive models (Alonso et al., 1990a, Loret and Khalili, 2002) 
for unsaturated soils are exclusively established via the stress–suction approach. 
 However, Zhou and Sheng (2015a) indicate that there are some limitations in the stress–suction 
approach when interpreting hydro-mechanical interaction of unsaturated soils, such as compression 
under different suction, the volume change with different suction, and saturation variance due to 
compression with different suctions. Recently, Zhou et al. (2012a) propose a model to express 
unsaturated soil behaviour in the stress-saturation space that solves some of these limitations compared 
with the stress-suction approach. In their paper, new volume and saturation variation equations are 
proposed. An alternative framework is presented for interpreting hydro-mechanical behaviour for 
unsaturated soil. Selected models for both approaches are discussed in the following. 
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Selected models will be summarized in the following: 
2.6.1 Barcelona basic model (BBM) 
 
This model uses the first category of approach. The normal compression line (NCL) for a suction 
which is shown in Figure 3, is referred to as the Barcelona Basic Model (BBM), and is fully described 
in Alonso et al. (2010a) and in a more summary form in Gens et al. (1989). The details are presented 
in equation(2.6) as follows: 
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where, v is specific volume, p  is mean stress, cp  is reference pressure, r is a constant related to 
the maximum stiffness of soil, β is a fitting parameter, 
s and s  are the elastic compressibility 
factor and elastoplastic compressibility factor due to suction change, respectively, and 
atp is 
atmosphere pressure.
0s stands for the position of suction-increase yield surface which will be 
discussed later. It is noticeable that ( )N s is always less than (0)N , and s is always less than 0 .The 
normal compression lines and the unloading lines (URL) for the BBM are illustrated in Figure 3. The 
cross point of NCL and URL is yield point of soil which can determine the loading collapse surface in 
this model. The unloading rule follows the traditional elasticity, presented in equation(2.7) as follows: 
 e
dpdv
p
        (2.7) 
 According to the Modified Cam-clay model which is given by Roscoe and Burland (1968). For 
saturated soils, the plastic volumetric strain ( pv ) is treated as the hardening parameter. The loading-
collapse (LC) yield surface can be derived in equation(2.8) as follows: 
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where *p is the intersection between the yield surface and the axis of net mean stress when suction 
reaches zero. The plastic volumetric strain due to yielding can be calculated as in equation (2.9) as 
follows: 
  
  *0
*
0
0p
v
dpd
v p
     (2.9) 
Yield point
Yield point
Yield point
v
NCL λ(0) NCL λ(s1)
NCL λ(s2)
s
0 *
0p 0 1( )p s 0 2( )p s
p
p
1s
2s
 2N s
 1N s
 0N
Loading 
collapse 
surface
 
Figure 3. The NCLs and URLs for different suction levels and loading-collapse surface in BBM 
 To simulate the irreversible strain caused by the suction increase, the suction-increase yield surface 
was introduced to BBM as follows. 
The suction condition is: 
  s=s0  (2.10) 
where s0 is the maximum suction that has ever been experienced before. The plastic and elastic volume 
strain due to suction are defined as follows.  
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where
s is elastoplastic compressibility factor due to the different suction levels. The above isotropic 
constitutive relationships were extended to triaxial stress space based on the framework of the 
Modified Cam-clay model. The elliptical shape of yield locus is kept unchanged (see Figure 4). The 
critical stress ratio (M) is assumed as a constant that depends exclusively on the saturated friction angle. 
The yield surface in stress space is written as follows: 
     2 0 0sq M p p p p      (2.12) 
with s sp k s . Where q is deviator stress, 0p is the cross point between the yield surface and net mean 
stress, sp is the cohesion due to the suction increase, and s is a constant related to the apparent cohesion.  
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Figure 4 Yield surfaces in triaxial stress space 
 
 BBM’s volume change equation makes the use of different compression indices for stress-induced 
factor and suction-induced factor. Such a separate handling of soil compressibility factor is supported 
by experimental data (Toll, 1990). However, the volume change equation in the BBM can be 
discontinuous at the transition between saturated and unsaturated conditions. Sheng (2011a) and Sheng 
and Zhou (2010) used a simple example to illustrate this discontinuity. The shrinkage function in the 
BBM assumes that the shrinkage is independent of the mean stress level. However, many test results 
from both soil physics and soil mechanics (Delage and Graham, 1996) have shown that the shrinkage 
curve under a high pressure would be much flatter than that under a low pressure. 
 The discontinuity problem in the volume change equation for unsaturated soil in the BBM implies 
that the derived loading-collapse yield surface becomes singular when the pre-consolidation pressure 
at initial suction is zero. In this case, the BBM has to adopt a shear strength criterion and a suction-
increase yield surface that are separate from the loading collapse yield surface. While these criteria 
may be applicable to compacted soils, it is difficult to use the BBM framework to explain the shear 
strength, yield stress and volume change behaviour of an unsaturated soils reconstituted from slurry 
(Sheng, 2011a). In addition, the shear strength expressed as a linear function of suction in the original 
BBM appears to be too simplistic. 
 As noted in Gens (2010b), incorporating hydraulic behaviour into the original BBM is not 
straightforward. In order to achieve better explanation and prediction, a number of modifications 
(Wheeler and Sivakumar, 1995a, Cui and Delage, 1996a) were proposed over the original BBM. The 
BBM also incorporated the double structure theory, to describe the mechanical behaviour of expansive 
soils(Gens and Alonso, 1992). Vaunat et al. (2000) also extended the BBM to coupled hydro-
mechanical behaviour of unsaturated soils. With respect to the original BBM, it can be stated that, this 
model provides a tentative method for predicting unsaturated soils behaviour, and has aroused 
worldwide interest and attention to unsaturated soils mechanics since 1990. In spite of the deficiencies 
mentioned above, the basic framework (such as treating suction as an additional variable, the loading-
collapse yielding and suction-related apparent tensile stress.) are still widely adopted in the study of 
unsaturated soil mechanics nowadays. There is no doubt that the BBM is one of the cornerstones in 
unsaturated soil mechanics. 
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2.6.2 Stress-saturation unsaturated soil model 
 
The stress-saturation unsaturated model was fully described in Zhou et al. (2012c), Zhou et al. (2012d) . 
The basic concepts of the model is the NCL for suction as mentioned in the following, 
 ( )lnev N S p   with  10 0( ) (1 )ae e dS S         (2.13) 
where, v is the specific volume and N is the intercept of the normal compression lines with the v-axis, 
p  is the mean effective stress, 1a  is a fitting parameter which can be can be calibrated from 
compression tests directly, and 0  is compressibility for saturated state and d  is compressibility 
for zero water content state. eS stands for the effective degree of saturation. The unloading rule follows 
the traditional porous elasticity: 
  e
dpdv
p
  
   (2.14) 
 The plastic volumetric strain on the normal consolidation line can be calculated through the volume 
change equation which is 
  lnepv
S
p
N
    , at the same time, the plastic volumetric strain can also 
be defined based on Terzaghi’s effective stress principle under the fully saturated state: 
0 lnpv cpN
    . Combing these two equations, the yield surface can be derived as follows: 
  
1
2
2c
qp p
M p
     
  (2.15) 
 Due to the plastic volumetric strain being adopted as the hardening parameter, in this case, the 
hardening law is defined as follows, 
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where cp is the intersection between the yield surface and the mean effective stress. The yield surfaces 
for triaxial stress states are in the stress-degree of saturation surface, shown in Figure 5. For simplicity, 
an associated flow rule for MCC is also accepted here as follows, 
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where pvd is the incremental plastic volumetric strain, and dvd is the incremental plastic deviator 
strain. 
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Figure 5 Yield surfaces under triaxial stress state 
 
 However, this model is still not perfectly matching the experimental results, especially in shear 
strength validations. The predicted shear strength is higher than the values measured by experiments. 
The effective stress relates to high suction increase higher than experiments when using degree of 
saturation rS to predict the experiment results. In recent years, Alonso et al. (2010b) indicate two 
definitions of effective degree of saturation, the discontinuity transition and smooth transition which 
may help to solve the problems in Zhou et al. (2012b): 
  rr
m
e r
m
r1
S SS
S


    (2.18) 
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where  0.5x x x   defines the Macaulay bracket and k≥1 is material parameter, erS is effective 
degree of saturation, and mrS is the microscopic degree of saturation which concerns the water within 
micro pores. The difference between equation (2.18) and equation (2.19) is that the latter maintains 
non-zero values of the effective saturation for low degrees of saturation. However, the experiment 
results do not show sufficient discrimination between these two proposals. Alonso also discusses the 
shear strength and elastic response for unsaturated soil based on the effective degree of saturation. The 
simulated results are better than non-effective ones, especially in predicting shear strength of the soil, 
but the plastic behaviours related to the effective degree of saturation is not discussed. Alonso et al. 
(2012) suggest the combination approach which contains suction and degree of saturation selected as 
fundamental constitutive variables. Sheng (2011a) indicate that there is one challenge in using the 
combined suction and degree of saturation approach which is that the yield stress will be a function of 
both suction and saturation. In this case, the yield surface may not be well defined in this stress space. 
 Moreover, this model does not consider time-dependent behaviour and stress history effect for 
unsaturated soil. Such an assumption does not always hold in reality. Soils can sustain the structural 
foundation for a long time and different stresses will be applied on them. Moreover, the volume change 
equation in the model can be discontinuous when the transition happens between NC state and OC 
states. 
  
 37 
 
2.6.3 Unsaturated model with different initial densities 
 
Zhou and Sheng (2015a) present a constitutive model for unsaturated soils by using effective stress 
and the effective degree of saturation as two fundamental constitutive variables. This model uses the 
second category of approach. The NCL for a suction is mentioned by this model as follows, 
( )lne
r
pv N S
p
    with  10 0( ) (1 )ae e dS S        (2.20) 
where, v is the specific volume and N is the intercept of the normal compression lines with the v-axis, 
p  is the mean effective stress, 1a  is a fitting parameter which can be can be calibrated directly from 
compression tests, and 0  is compressibility for saturated state and d  is compressibility for zero 
water content state. eS stands for the degree of saturation. The NCLs and the URLs for this model are 
illustrated in Figure 6. The unloading rule follows the traditional porous elasticity: 
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p
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   (2.21) 
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Figure 6 The normally consolidated line and unloading lines 
 
 In this model, the yield surface can be derived as follows: 
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  (2.22) 
The sub-loading yield surface in p-q-Se space is  
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  (2.23) 
The detailed yield surface and sub-loading yield surface are as in Figure 7. The unified hardening 
parameter which is proposed by (Yao et al., 2009) is employed to govern the hardening of the sub-
loading surface: 
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where the unified hardening parameter
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 , is effective stress ratio. Mf is the stress 
ratio for potential failure. For saturated soils, Mf can be expressed as a function of the similarity ratio 
(R) based on the revised Hvorslev line, which can be written as follows, 
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where  
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. Eq. (2.25) extends the similarity ratio from saturated states to unsaturated 
states. The similarity ratio between the sub-loading surface and the yield surface can be defined as 
follows: 
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 The initial similarity ratio is determined by the initial effective stress ( 0p ), the initial effective 
degree of saturation (Se) and 0cp , where, 0cp  is related to the initial specific volume. Moreover, the 
hardening law is defined as follows, 
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where cp is the intersection between the yield surface and mean effective stress. The yield surfaces for 
triaxial stress states are illustrated in the stress-degree of saturation surface in Figure 7. For simplicity, 
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an associated flow rule is also accepted as follows, 
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where pvd is the incremental plastic volumetric strain and dvd is the incremental plastic deviator strain. 
e( , 0, )xB p S
eS
Ellipse
p
q
M
M e( ,0, )xB p S 
1(0,0,1)O ( , 0,1)cA p  ( ,0,1)cA p
2 e(0,0, )O S
Sub-loading surface
Loading surface
 
Figure 7 Yield surface and sub-loading surface  
 This model indicates the advantages in being capable of describing the hydro-mechanical behaviour 
of unsaturated soils under different OCRs. Two parameters (a1 and a2) are introduced to describe the 
effect of degree of saturation on loading and the effect of volume change on the degree of saturation. 
Moreover, a sub-loading surface and related UH (unified hardening) parameter for unsaturated soil are 
introduced. This model requires 13 parameters and they can be easily calibrated by experiments. 
However, this model did not consider time dependent behaviour for unsaturated soil. Soils can sustain 
the foundation structure for a long time which will affect the final results.  
 
2.6.4 3D time dependent UH model for saturated soil 
 
Yao et al. (2014a) propose a 3D elastic-viscoplastic (EVP) constitutive model for saturated clays under 
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different stress histories. In this model, the time effects on soils are connected with the different OCR 
change according to the time and the normal compression line. It is convenient to combine a creep 
function with unified hardening (UH) model. Moreover, a time variable was combined into the current 
yield function of the UH model. An EVP model for saturated soil was built which based on the current 
yield function and the flow rule. The proposed model can describe creep, relaxation, and loading rate 
effect under different stress histories compared with the modified Cam-clay model there are two 
additional parameters.  
 In the proposed model, due to the visco-plastic strain include stress-related plastic strain and time-
related plastic strain. In this case, the parameter H in this model can be expressed as follows: 
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where Hs is the plastic UH parameter and Ht is the viscous UH parameter. The variation in the plastic 
UH parameter is related to the changes of stress and the viscous UH parameter is related to the changes 
of time. Moreover, the current yield function of this model can be written as follows, 
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The reference yield function in this model is expressed as follows, 
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Moreover, it should be noticed that, although t is not a construct into the reference yield surface, tpv in 
Equation (2.31) also consists of plastic volume strain pv and viscous volume strain tv . The value of 
t  is assumed to be independent of the deviator stress as follows: 
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where t is a function of the time increment factor dt and similarity ratio R, which reflects the distance 
between the current stress and the reference stress and the formula for R is shown in equation (2.33) 
as follows, 
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 The current yield surface of this model is a 3D curved surface in the p-q- t  space, which is shown 
in Figure 8. The hardening law of the 3D current yield surface is as follows,  
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 Different to the previous model, the 3D reference yield surface can be defined as xp , and it is the 
intersection of the p-axis and the reference yield surface when 0t  . Moreover, the hardening law of 
the reference yield surface can be expressed as follows, 
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  (2.35) 
 The size of 3D reference yield surface is measured by xtp . Because of t is not constructed into the 
reference yield surface, xtp will equal to xp . In this case, the visco-plastic volumetric strain of any 
point on the NCL can be calculated through the volume change equation as follows, 
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where Mf is the potential failure stress ratio. Mf can be expressed as a function of the R for saturated 
soils based on the revised Hvorslev line, which can be expressed as follows  
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where M is the critical states stress ratio; and which Mf increases with an increasing overconsolidation 
degree. When clays are in normally consolidated condition, which means R=1 and Mf=M. For 
simplicity, an associated flow rule for MCC model is accepted here as follows, 
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where pvd is the incremental plastic volumetric strain and dvd is the incremental plastic deviator strain. 
Hence, the incremental time volumetric strain is as follows, 
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Figure 8 3D current yield surface in time- dependent UH model (Yao et al., 2009) 
 The isotropic stress-strain-time relationship of soil is similar to that in the UH model (Yao et al., 
2009) plus the time effect factor which can be written as follows: 
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 The proposed 3D EVP model can describe time-dependent behaviours for both NC and OC soils, 
with two additional parameters compared with the MCC model. However, soils can be in an 
unsaturated condition in many ways. This model dose not consider unsaturated soil effect. 
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2.7 Current gaps and research objectives  
2.7.1 Different method to make samples 
 
In the conventional triaxial compression test, the non-uniformity of the specimen due to end restrain 
is an important problem. Compacted samples were chosen by many researchers (Cardoso et al., 2012, 
Hossain and Yin, 2010, Qin et al., 2015, Oka et al., 2010, Nishimura et al., 1999a). However, due to 
the initial water phrase is not continuous for compacted sample, even so air pressure added into it, 
similar problems still exist, and this is also the reason why most of the researchers only can apply the 
suction controlled unsaturated triaxial test. Furthermore, it is difficult to measure the continuous back 
volume change or degree of saturation change during the shearing which is a benchmark to make sure 
the test is trustworthy. Moreover, the sample variance/difference for a compacted sample is very large. 
One of the reasons is the initial vertical stress which makes the sample into its target density may varies 
for different soil type, and in order to reach that density/sample volume, there may have some stress 
histories problem that needs to be considered during the compaction. In this case, a possible solution 
is to use uniform reconstituted samples, which has been applied in this research. Uniform reconstituted 
samples solve the sample variance problem, water phase problem, and it is also easy to shape and easy 
to measure the continuous back volume change as a benchmark to make sure the experiment is 
successful.  
 
2.7.2 Influence of temperature on soil 
 
It is well known that the temperature influences the viscosity and the stress- strain behaviour of soil. 
Campanella and Mitchell (1968)carried out isotropic consolidation tests, and found that the 
compression index does not change with temperatures. However, the compression curve was shifted 
to a lower location when temperature was increased, and with increasing temperature, the pre-
consolidation decreased. Akagi and Komiya (1995) performed a series of constant rate of strain 
consolidation tests on remoulded saturated clayed soil, using three types of ambient temperature 
conditions and strain rates. They found that the value of the compression index at high temperatures 
(50 and 80 degree Celsius) are larger than those obtained at room temperature of 20 degrees Celsius, 
and the relationship of e-log p at high temperature is independent of the rates of strain. The results of 
triaxial creep tests performed by Campanella and Mitchell (1968)showed that the increase in 
temperature is associated, for both drained and undrained tests, not only with an increase in axial strain 
but also in strain rate. In the present research, temperature remain constant (23-25 degree Celsius) in 
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all conditions to avoid natural temperature variance influencing the test results. 
 
2.7.3 Volume change behaviour 
 
The volume change behaviour is one of the most important properties of soils. The large volume 
changes associated with different shearing rates and OCRs can cause significant damages to 
foundations and structures. Sheng (2011a) notes that the volume change equation is the only absolutely 
necessary component that we need to add in order to extend a saturated soil model to unsaturated states. 
Such an extension is usually realized by treating suction and time factor, as additional variables. In 
doing so, suction and time factor are used as the complementary constitutive variables or a part of 
complementary constitutive variables, in a number of constitutive models in the literature. Some of 
these models are established in the framework of the space of net stress and suction, whereas others 
are in the framework of the space of the Bishop stress (Bishop, 1959) and suction or a variable 
including suction(Sun et al., 2007b, Khalili et al., 2008, Nuth and Laloui, 2008, Sheng et al., 2004, 
Gallipoli et al., 2008, Loret and Khalili, 2002). Irrespective of the constitutive variables used, a 
common feature of volume change equations in these models is that: the volume change (or at least 
the compression index) of the soil is assumed to be a function of suction and time factor. 
 
 The above method of developing the volume change equation is consistent with experiment results, 
where suction and time factor are usually controllable variables. It is common to study the volume 
change behaviour of unsaturated soils under constant suctions and voids ratio and specific volume or 
volumetric strain are usually plotted against stress. However, this approach treating suction as an 
additional variable have some significant limitations. The compression index defines that the volume 
change per unit change of stress is usually assumed to be a function of suction in volume change 
equations. Alonso et al. (1990a) indicate that this compressibility function is assumed to decrease with 
suction while some other researchers (Toll, 1990, Sivakumar and Wheeler, 2000) assume that it is 
increased with suction and both options seem to have solid lab tests support. 
  
2.7.4 Time dependency behaviour for unsaturated soil  
 
The time dependency of the stress–strain behaviour for unsaturated soils, is generally too significant 
to be ignored (Yin and Tong, 2011, Zhou and Sheng, 2015a, Zhou et al., 2012b), and the constitutive 
modelling of the time-dependent stress–strain behaviour of saturated soils has been an active area of 
research for several years. Efforts have been made to study and develop models for time-dependent 
 45 
 
stress–strain behaviour of soils under both triaxial stress states and general stress states. A number of 
saturated EVP models for saturated soils have been proposed (Yin 1990, Yao, 2015). Furthermore, a 
number of the published studies on unsaturated soil mechanics concerns what constitutive variables 
are suitable for modelling unsaturated soil behaviour including both shear strength and deformation 
(Gens, 2010a, Sheng, 2011b). A number of unsaturated hydro-mechanical soil models have also been 
proposed (Zhou et al., 2017). 
 
(Yin et al., 2002) define equivalent time concepts, such as “instant timeline” and “reference 
timeline” for the saturated condition.  Using these concepts and logarithmic functions, they derived 
an EVP constitutive model for time-dependent behaviour of saturated clay, and calibrated and verified 
the model using test data from three different soils. The saturated EVP model was been calibrated and 
verified using data from triaxial tests on the sand–bentonite mixture proposed in a Canadian program 
for the safe disposal of nuclear fuel waste. Yin and Graham demonstrate that the model validations 
were in good agreement with the measured results. 
 
Furthermore, Fredlund et al. (1978b) earlier suggested that the unsaturated behaviour can be 
alternatively modelled by two independent variables: net stress and suction. the first comprehensive 
elastoplastic model capable of describing loading collapse behaviour of unsaturated soils was proposed 
by Alonso et al. (1990b), in his research, the slope of NCL is assumed to be a function of suction and 
the yield surface is also presented in the space of net stress and suction. Inspired by the BBM, numerous 
models (Wheeler and Sivakumar, 1995b, Cui and Delage, 1996b, Sun et al., 2000, Georgiadis et al., 
2005, Sheng et al., 2008) were proposed by adopting constitutive variables to interpret the observed 
mechanical behaviour of unsaturated soils. 
 
Very recently, a new option for the pair of constitutive variables was proposed, which addresses 
that { ij , S} may be better than { ij , s} particularly in describing non-linear compression behaviour, 
non-linear loading collapse behaviour and fully hydro-mechanical interaction (Zhou et al., 2012f, Zhou 
et al., 2012g, Tamagnini, 2004, Zhang and Ikariya, 2011, Fuentes and Triantafyllidis, 2013, Bellia et 
al., 2015).  By this new approach, the effective degree of saturation Se rather than the suction is been 
employed to define the hydro-mechanical state of an unsaturated soil, in addition to constructing 
Bishop’s effective stress. 
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The solution of the present study is to establish a constitutive model for unsaturated soils by 
acknowledging loading history and strain rate effects are very differently to the constitutive behaviour 
of unsaturated soils. In this study, suction (s) is the basic constitutive variable. Specifically, on one 
aspect, the degree of saturation is the effective stress parameter. On the other aspect, the slope of the 
NCLs is also a function of the degree of saturation, i.e., ( )S   to underline that the mechanical 
state of an unsaturated soil is related to the degree of saturation only. Compared with the original EVP 
model proposed by Yin and Graham (1999) and other models, the new EVP model in this paper has 
the following features that eliminate limitations in other models: (i) it is applicable to unsaturated soils; 
(ii) it is applicable to both normally consolidated and overconsolidated soils; and (iii) ) it is applicable 
to different shearing rates. 
 
2.7.5 Research objectives 
 
During the studies discussed above, there have been no experiments related to strain-rate effects under 
different OCRs for unsaturated soil, and the existing model for unsaturated soil also hardly explains 
the relationship between shear rate effects and OCR effects for unsaturated soil. In this case, the focus 
of the present study is to investigate the influence of OCRs and strain rate on undrained shear strength 
of unsaturated Glenroy silt (Uniform reconstituted samples were obtained by reconsolidating disturbed 
samples taken from an excavation site in the northern part of Melbourne). A series of constant water 
content (CW) tests and SWCC tests were conducted on normal consolidated and overconsolidated 
specimens. The objectives of this research are to provide a better understanding of the undrained shear 
strength, volume change behaviour, suction change and degree of saturation change of Glenroy silt 
under different OCRs and different strain rates.  
 
Furthermore, a new visco-elastoplastic constitutive model, which is based on effective degree of 
saturation, new equations for volume change, saturation variation, the yield surface, and constitute 
relationships is developed which is following the general procedure presented in Sheng et al. (2008). 
This model is developed in the present study and this integration scheme is also used to validate the 
observed experimental results. The validation of this model involves consolidation tests, SWCC tests, 
suction-controlled isotropic loading tests, isotropic compression tests, and undrained triaxial tests. 
Comparisons between the predictions and the experimental data in this research are show that the 
model suits for the essential behaviour of the tested soil under various conditions.  
Equation Chapter 3 Section 1 
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CHAPTER 3：BASIC PROPERTIES OF GLENROY SILT 
 
 
3.1 Introduction 
 
The soil samples for this study were taken from a construction site in Glenroy, Greater Melbourne. All 
the samples were stored in a plastic drum and kept inside the storage room in the geotechnical 
laboratory of RMIT University at an average temperature of 23-25℃. The Glenroy silt was selected 
for this study because the geology is typical of many new residential housing estates to the west and 
north of Melbourne and the silt in the Glenroy area is a typical top soil distributed wide in the Great 
Melbourne Region. 
 
Figure 9. The location of Glenroy (http://nona.net/features/map/placedetail.1505929/Glenroy/) 
 
After getting the soil samples from the excavation site, some coarse particles such as gravels or 
shell must be eliminated from the sample, with the particle distribution curve shown in Figure 10. The 
X-ray diffraction analysis showed that the main minerals in the Glenroy silt were 75% quartz, 10% 
sodium feldspar, 7.5% micro line, 4% illite and 3.5% montmorillonite. The sample was first prepared 
in slurry form after passing through a 0.425 mm sieve. The slurry of Glenroy silt with water content 
around 1.5 liquid limit, and then reconsolidated in a consolidometer (Figure 13) under a pressure of 
about 50 kPa to prepare consistent remolded samples for following tests. After finishing the 
consolidation, the sample is carefully pushed out and is cut into different sizes depending on the tests 
to be performed, the samples prepared in the consolidometer were then trimmed to 76 mm in height 
and 38 mm in diameter for triaxial tests, and 20 mm in height and 50 mm in diameter for water retention 
tests. The reason to choose this method is to make sure the soil samples are homogeneous, and the 
water phase in the initial sample is continuous which lead the pore pressure of the sample during the 
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shearing also can be measured. 
 
In a conventional triaxial compression test, the non-uniformity of the specimen due to end restrain 
is an important problem. Compacted samples have been chosen by many researchers (Cardoso et al., 
2012, Hossain and Yin, 2010, Qin et al., 2015, Oka et al., 2010, Nishimura et al., 1999a), as it is easy 
to be shaped in many cases. However, in the case where the initial water phrase is not continuous, even 
when there is air pressure added into the sample, a similar problem still exists, as mentioned in section 
2.7, this is also the reason why most of the researchers only can apply suction controlled unsaturated 
triaxial test. Furthermore, it is hard to measure the continuous back volume change /degree of 
saturation change during the unsaturated triaxial shearing which is a benchmark to make sure the test 
is trustworthy.  
 
Figure 10 Particle distribution curve 
 
3.2 Atterberg limits 
3.2.1 Liquid limit (LL) and plastic limit (PL) 
 
The Casagrande test (ASTM D4318) is commonly used to determine the liquid limit. In this test, the 
liquid limit is the lower limit of the liquid stage of soil. Glenroy silt is placed into the device and a 
groove is made with a standard tool of 2 mm width. The number of blows is recorded during the test. 
According to the ASTM standard, the moisture content at which it takes 25 drops to cause the groove 
to close over a distance of 12.7 mm is the liquid limit of the soil. Normally, several tests will be 
conducted at various moisture content levels in order to reduce the sample variance. The test results 
are in Table 1. 
Table 1 Liquid Limit Data (Casagrande test) 
Test No. 1 2 3 
0
20
40
60
80
100
0.001 0.01 0.1 1
Pa
ss
in
g 
(%
)
Grain size (mm)
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Number of blows 25 25 25 
Wet Soil + Tin(g) 55.8 52.34 60.19 
Dry Soil + Tin(g) 45.01 42.73 48.42 
Tin(g) 14.21 14.11 14.41 
Moisture Content (%) 35.1 33.58 34.26 
Liquid Limit wL (%) 35.1 33.58 34.26 
 
The plastic limit is defined as the lower limit of the plastic stage of soil. The soil sample is rolled 
into threads of 1.2 mm in diameter by repeated rolling by hand on a glass plate. The procedure for the 
plastic limit test is given by ASTM in Test Designation D-4318. The results are shown in Table 2.  
Table 2 Plastic Limit Data 
Mass of 
container (g) 
Mass of wet clay 
+ container (g) 
Mass of 
moisture (g) 
Mass of dry 
soil (g) 
Moisture 
content (w%) 
14.21 25.36 2.6 8.55 23.33 
14.11 27.3 3.2 9.99 24.3 
14.41 28.41 3.514 10.486 25.1 
 
3.2.2 Plastic index and specific gravity 
 
Based on the average liquid limit and average plastic limit, the plastic index can also be calculated by 
the definition PI=LL-PL. This type of soil can be classified as ML or OL. The definition of the symbol 
ML means low plasticity silt while OL indicates low plasticity organic silt. The comparison results are 
shown in Figure 11 and the data are shown in Table 3. Moreover, specify gravity is the ratio of the unit 
weight soil to the unit weight of water. This test is performed according to ASTM 854-00. The test 
result are in Table 3. 
Table 3 Material properties of Glenroy silt 
Gs PL(%) LL(%) PI(%) e0 
2.7 23.33~25 33.58~35.1 8.6~10 0.63 
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Figure 11 Plasticity chart 
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CHAPTER 4：TEST APPARATUS AND TESTING SCHEDULE 
 
 
4.1 Introduction 
 
The apparatuses which include the consolidometer, Fredlund SWCC device, and unsaturated triaxial 
apparatus, and related testing schedules are given in this chapter. This chapter is organized as follows. 
Section 4.2 is concerned with the test apparatuses, and section 4.3 shows the calibration for unsaturated 
triaxial apparatus. Lastly, section 4.4, the testing schedules for related research item will be mentioned. 
 
4.2 Test apparatus 
4.2.1 SWCC apparatus 
 
The Fredlund SWCC device is an unsaturated soil testing apparatus which can applying various 
suctions while following various stress paths. The device is normally used to obtain SWCC of 
unsaturated soil, it allows people to control matric suctions from 0 to 1500 kPa, and it is also capable 
of applying one-dimensional loading to a specimen, in present research, a specimen diameter of 50 
mm and 25 mm height in this research. Figure 12 presents a diagram of the testing system, which 
comprises air pressure pipe, axial loading plate, displacement transducer, porous disc, top cap, pore-
pressure pipe, loading frame and removable high air entry value ceramic disc (HAEV).  
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Figure 12 Fredlund SWCC system 
 
Moreover, from all the mentioned components above, HAVE is the most important part in this 
system, thus, in this case, special installation method was considered. In this research, the HAVE 
Air pressure 
Axial loading plate 
Top cap 
Coarse porous disk 
Loading ram 
Pore water 
pressure pipe 
 
Soil specimen 
Displacement transducer 
HAEV 
Air pressure 
Pore water pressure 
pipe  
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ceramic disc has an air entry value of 1500 kPa. The HAVE saturation method which was introduced 
by Fredlund and Rahardjo (1993) is used in this research.  
 
4.2.2 Consolidometer 
The consolidometer is a rigid-walled and stainless metal cylinder with an inside diameter of 100 mm 
and a height of 300 mm, shown in Figure 13. During the consolidation, the sample is loaded from the 
top by weight through a rigid arm, and water is free to drain through two thick porous stones which 
are attached to the top cap and the base-plate, respectively. Therefore, water can drain from both sides 
of the sample during compaction. To prevent the migration of soil particles into the porous stone during 
consolidation, filter papers are placed between silt and the porous stones at the top and bottom of the 
chamber.  
 
Figure 13 Consolidometer 
 
4.2.3 Unsaturated triaxial apparatus 
 
The unsaturated triaxial test uses an improved triaxial compression device, known as the Unsaturated 
Triaxial Test System (UNSAT). UNSAT is a fully automated advanced triaxial test system which 
typically contains five methods of performing an unsaturated test: Method A: direct volume 
measurement using an air pressure / volume controller (Khan and Hoag, 1979). Method B: HKUST 
inner cell. Method C: double cell (Bishop and Donald, 1961, Sivakumar, 1993). Method D: sample 
strain sensor (Baumgartl et al., 1995), and method E image processing (Macari et al., 1997, Rifa'i, 
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2002). Moreover, the development of an understanding of unsaturated behaviours is limited by 
laboratory testing techniques, such as, the axial-translation technique(Hilf, 1956), which is already 
widely used in triaxial testing systems and the suction control with air-circulation system 
technique(Cunningham et al., 2003), which is the major solution for testing unsaturated soils. However, 
the testing of temperature change always affects the test result, thus, the accurate measurement of the 
volume change of specimens in done in a simple way, via a double cell with temperature control system 
in this test. 
 
In this study, the method B (Figure 16) and method C (Figure 17) were tested in a temperature-
controlled laboratory for long-term testing requirements. The specimen has dimensions of 76 mm 
height and 38 mm diameter (Figure 14). Due to the reconstituted Glenroy silt sample being used for 
each test, there will be no traps of more occluded air at low suctions during the test compared with 
compacted soil sample. Moreover, a membrane with 0.5 mm thickness is used in this research, and 
these local membrane effects were corrected when estimating the evolution of the average radial strains 
and shear strength by using ASTM D-4767. This was particularly important to better assess dilatancy 
effects at higher OCR conditions. The reason to use two different methods are to avoid apparatus 
influence on the experiment results, which also can increase the repeatability of research results. 
Another reason is due to there are 50 samples in this research, it’s time consuming to use just 1 set of 
unsaturated triaxial apparatus. 
 
These two instruments, include pressure sensors for pore air pressure, pore water pressure, and 
confining pressure measurements; and the displacement transducer (LVDT), is attached to the loading 
plunger to measure axial displacement. The total volume, and the rear volume, cell pressure, and back 
pressure can also be recorded by the pressure/volume controller which is shown in Figure 15. The 
GDS pressure/volume controller can work as a pressure supplier. It can apply a pressure maximum of 
3 MPa to a specimen through distilled de-aerated water and it can also measure the volume changes of 
the water flowing in or out at a sensitivity of 0.001 cm3. Moreover, both stress-controlled and 
displacement-controlled systems were used. Three axial displacement rate of 0.1%/h, 1%/h and 10%/h 
were used during the shearing stages by pushing the axial loading piston at controlled volume rate. 
Axial load was measured by an internal load cell. Furthermore, both apparatus can run advanced tests, 
such as stress paths, slow cycles, and K0 experiments, all of which are under computer control. In 
particular, accurate measurements of pore pressure and volume change are important in the test. 
Therefore, a temperature control system is installed in the laboratory, and the test temperature can be 
maintained at 23-25 degrees Celsius.   
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Figure 14 Unsaturated specimen on triaxial machine 
 
 
Figure 15 Diagrammatic layout of digital controller (www.epccn.com) 
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Figure 16 Method B (HKUST inner cell testing system) 
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Figure 17 Method C (double wall cell testing system 
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4.3 Unsaturated triaxial apparatus calibration  
 
In the unsaturated triaxial test, there is chance which lead the non-uniformity of the specimen 
environment may be changing due to cell water leakage, in this case, before testing, all the triaxial 
cells and their parts of connections were checked under a pressure of 1200 kPa to ensure that there is 
no leakage in any part of the cell. All test specimens are initially saturated in this study. To ensure the 
saturation of the specimen, a back pressure of 200 was applied to each specimen. In all tests, the initial 
B value before the test is larger than 0.96.  
 
In addition, the leakage of the membrane may be a major problem controlling the success of the 
test. Researchers have employed various methods to prevent possible leakage. Bishop (1969) used 
mercury as cell liquid, Tian et al. (1994) and Vaid and Campanella (1977)used two membranes, 
separated by a thin layer of silicone grease. In the present study, the thickness of the membrane used 
in this research is 0.2 mm. When analysing the test data, BS 1377 (1990) is used to correct the effects 
of the rubber membrane. Furthermore, a new improvement in this test system is the accuracy of the 
volume change of the sample during the test, where the volume change can be monitored directly by 
the computer and the temperature control system is installed in the laboratory. Another improvement 
is that the vibration of the test results can be reduced by using the running average method, which can 
help the tester to obtain continuous test results.  
 
Moreover, two homogenous saturated samples for unsaturated triaxial apparatus were used in 
calibration tests, the specimens were first saturated with back pressure of 200 kPa; and then they were 
consolidated under an isotopically confining pressure (400 kPa), when the soil samples reached the 
end of primary consolidation (the volume change difference is shown in Figure 18); and after that, an 
undrained shearing with 1%/h occurs. The shearing results for the two methods are shown in Figure 
19 and Figure 20. In this calibration test, only less than 5% difference occurs in each stage for each 
method, which is an acceptable range for this research. 
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Figure 18 Time vs volume change during consolidation 
 
Figure 19 Axial strain vs deviator stress for two methods 
 
Figure 20 Pore-pressure vs axial strain for two method  
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4.4 Testing procedure 
 
In this study, in total 38 of the CW tests with four different stress histories (OCR = 1, 2, 4, 8), with 
three different strain rates (strain rates = 0.1%/h, 1%/h, 10%/h), under four different suctions (100 kPa, 
200 kPa, 300 kPa, 400 kPa), and related to this, 12 CU tests as a benchmark are progressed. The details 
of the experimental steps are shown in Figure 21 and Table 4. In general, the experimental procedure 
(triaxial tests) can be divided into the following three stages, isotropic loading/unloading, drying, and 
shearing. 
 
4.4.1 Back pressure saturation 
 
After preparing the slurry sample in the consolidometer at a vertical pressure of 50kPa for 21 days, the 
soil sample was cut by sampling tube and trimmed to standard triaxial specimens (diameter = 38mm 
and height = 76 mm). On behalf of measurement of the B value of the specimen before the test, the 
back pressure saturation is needed. The membrane is placed over the specimen while applying suction 
to the rubber tube, and then the suction is released in order to make the membrane clings to the 
specimen at correct height. The specimen is placed on the machine, and the lower end of the membrane 
is rolled over the base pedestal and sealed in place with an O-ring, then the upper end of the membrane 
is rolled. After installing the specimen, as much air as possible is removed from between the specimen 
and membrane by doing water flushing saturation until no more air bubbles appear in the cylinder. 
Before testing, calibration is conducted. The back pressure is adjusted, as is the cell pressure and lower 
chamber pressure at the same reference level, and the target is set to zero. Then they are connected, 
and the valve of back pressure, cell pressure and lower chamber pressure are opened. After that back 
pressure saturation is needs for every test, and step increase of the back pressure and cell pressure until 
the back pressure reaches 240 kPa. The pressure difference between the cell pressure and the back 
pressure is 20 kPa. B value is checked by increasing the cell pressure to 280 kPa, making sure that the 
degree of saturation of the specimen is larger than 96%. 
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Table 4 Summary of triaxial test  
 
 
 
CU 
test 
Test no. Stress path OCR Strain rates 
(%/h) 
Confining 
pressure  
Suction  
 
1 CU-0-1 A-E-E’ 1 0.1*,1*,10* 400 0 
2 CU-0-2 A-E-D-D’ 2 1* 400--200 0 
3 CU-0-4 A-E-C-C’ 4 0.1*,1*,10* 400--100 0 
4 CU-0-8 A-E-B-B’ 8 0.1*,1*,10* 400--50 0 
 
 
 
 
 
 
CW 
test 
5 CW-100-
1 
A-E-J-J1 1 0.1*#,1*#,10*# 400 100 
6 CW-100-
2 
A-E-D-I-I1 2 1* 400--200 100 
7 CW-100-
4 
A-E-C-H-
H1 
4 0.1#,1*#,10# 400--100 100 
8 CW-100-
8 
A-E-B-G-
G1 
8 0.1#,1*#,10# 400--50 100 
9 CW-200-
1 
A-E-O-O1 1 0.1*,1*#,10* 400 200 
10 CW-200-
2 
A-E-D-N-
N1 
2 1* 400--200 200 
11 CW-200-
4 
A-E-C-M-
M1 
4 0.1#,1*#,10# 400--100 200 
12 CW-200-
8 
A-E-B-L-
L1 
8 0.1#,1*#,10# 400--50 200 
13 CW-300-
1 
A-E-T-T1 1 0.1*,1*#,10* 400 300 
14 CW-300-
2 
A-E-D-S-
S1 
2 1* 400--200 300 
15 CW-300-
4 
A-E-C-R-
R1 
4 0.1#,1*#,10# 400--100 300 
16 CW-300-
8 
A-E-B-Q-
Q1 
8 0.1#,1*#,10# 400--50 300 
17 CW-400-
1 
A-E-T-T1 1 1* 400 400 
18 CW-400-
2 
A-E-D-S-
S1 
2 1* 400--200 400 
19 CW-400-
4 
A-E-C-R-
R1 
4 1* 400--100 400 
20 CW-400-
8 
A-E-B-Q-
Q1 
8 1* 400--50 400 
*Unsaturated triaxial method B   # Unsaturated triaxial method C 
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Figure 21 Experiment schedule 
 
4.4.2 Isotropic loading/unloading 
 
The fully saturated specimens are stood up in the triaxial apparatus, after the back pressure saturation, 
it is loaded isotopically to a net mean stress of 400kPa and then left to deform and drain until 
equilibrium. After equilibrium is reached, the specimens are then unloaded to preselected net mean 
stress (50, 100, 200, and 400kPa) to create desired OCRs (= 8, 4, 2, and 1). At the end of unloading, 
the samples are left to deform and drain until equilibrium. The equilibrium is judged by the drainage 
volume and volume change measured by the Difference pressure transducer (DPT), both of which are 
monitored and recorded by a computer during the isotropic loading/unloading process. In particular, 
the comparison between the measured drainage volume by back volume/pressure controller (BVC) 
and the volume change measured by the DPT can then evaluate the accuracy of the DPT. As shown in 
Figure 22, the void ratio change calculated by the drainage volume for different isotropic 
loading/unloading paths, is be presented by dots, and the void ratio change calculated by the direct 
volume measurement by DPT for different isotropic loading/unloading paths, is presented by curves. 
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The comparison in Figure 22 indicates that the DPT measurements have great agreement for both 
compression (loading) and swelling (unloading) processes. Figure 22 also shows clear equilibrium 
processes for different isotropic loading/unloading paths. 
 
Figure 22  Time vs void ratio during consolidation process  
4.4.3 Drying 
 
The fully saturated specimens with different OCRs are dried to different suctions by using the axis-
translation technique. During this stage, the drainage valve is open and the net confining stress kept as 
a constant. The air pressure is ramped to the preselected values (0, 100, 200, 300, and 400 kPa) and 
OCR=1, 2, 4, 8 using the method provided byWheeler and Sivakumar (1995b). Then, the volume 
change measured by the DPT and the drainage volume are monitored and recorded. For example, 
Figure 23a shows the volume of pore water discharged from the specimens with different suctions 
along with the time when a net confining pressure of 400 kPa is imposed. Figure 23b shows the volume 
change of the specimens with different suctions along with the time when a net confining pressure of 
400 kPa is imposed. The equalization usually required one week. From Figure 24, we find that 10000 
min (around 1 week) equalization time is enough for achieving equilibrium in terms of both volume 
change and drainage. Moreover, Figure 24a shows the volume of pore water discharged from the 
specimens with different OCRs, which along with the time when a suction of 400 kPa is imposed. 
Figure 24b shows the volume change of the specimens with different OCRs, which along with the time 
when a suction of 400 kPa is imposed. 
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Figure 23 (a) Drainage volume measured by the BVC and (b) the sample volume change measured 
by the DPT when dried to a suction of 100, 200, and 300kPa. 
 
 65 
 
0 2000 4000 6000 8000 10000
Time, t(min)
-20000
-15000
-10000
-5000
0
D
is
ch
ar
ge
d 
vo
lu
m
e 
(m
m
3)
0 2000 4000 6000 8000 10000
-2500
-2000
-1500
-1000
-500
0
V
ol
um
e 
ch
an
ge
 (m
m
3)
OCR=1 
OCR=2 
OCR=4 
OCR=8 
s=400kPa
OCR=1 
OCR=2 
OCR=4 
OCR=8 
s=400kPa
Time, t(min)
(a)
(b)
 
 
Figure 24 (a) Discharged volume and (b) volume change during drying for different OCR under 
s=400kPa 
 
4.4.4 Shearing 
After drying, the drainage valve is closed and undrained shear tests conducted with constant cell 
pressure and air pressure at a constant rate of axial strain on the samples with different initial suctions 
and initial net OCRs. Although the undrained condition is employed to ensure the internal suction 
equilibrium, three different rates (0.1%/h, 1%/h, and 10%/h) were be used in the shear tests. 
Porepressure/matric suction change and axial stress during the shearing tend to be flattened/stabilized. 
The selected strain rate ensures constant water content conditions. During shearing, the pore water 
pressure change is measured by the pore water pressure transducer, and the volume change of the 
specimen is measured by DPT only. The axial strain, volumetric strain, void ratio, suction, degree of 
saturation, net stress, deviator stress, and stress ratio are calculated from the recorded data. Moreover, 
correct membrane effects use ASTM D-4767 when estimating the volume strain and deviator stress. 
This is particularly important to better assess dilatancy effects at higher OCR conditions. All the 
samples are tested to critical state at the end of the shearing stage with an axial strain of ~20%.  
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 Furthermore, the temperature difference during the test also influences the results; thus, the room 
temperature is controlled, and varies from 23 to 25 degree during the test. The aim behind this 
experimental campaign was to study the effects of different overconsolidated states for unsaturated 
soils under different strain rates.  
4.4.5 Water retention tests 
 
Three SWCC tests with different confining pressures were performed (each test may take 1-2 days); 
and then, for each test, a series of suctions (50 kPa at 100 kPa, 200 kPa, 400 kPa, 800 kPa) is added to 
the sample gradually; and the total drying time is about 4 to 6 weeks. The vertical displacement is 
measured by vertical LVDT, and the volume change calculated by assuming constant diameter of the 
specimen. The details are shown in Table 5. During each stage, weight loss and volume change are 
recorded, by which water content and void ratio can be calculated through these data. The aim behind 
this experimental campaign was to study the effects of SWCC under different confining pressures.  
 
 Table 5 Schedule of SWCC test  
 
 
 
SWCC 
Test no. OCR Stress path 
before drying 
(kPa)  
1 S-1 1 10  
2 S-2 1 10-400 
3 S-13 2 10-400-200 
 
 
 
Equation Chapter 5 Section 1  
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4.5 Summary 
 
To sum up, the liquid limit of Glenroy silt is about 33.6%-35.1%, plastic index is 8.1%-10.0%, 
and specific gravity is 2.7. The test sample soil can be classified as ML or OL. The material property 
of Glenroy silt is shown in Table 3. 
 
Equation Chapter 4 Section 1  
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CHAPTER 5：LABORATORY TESTING RESULTS AND ANALYSIS 
 
 
5.1 Introduction 
  
The results of SWCC tests and the behaviour and triaxial tests are presented in this chapter. Besides, 
analyses as well as discussions of the results are also included. There are two series of both Isotropic 
consolidation and shearing tests under four different OCR values and three different shearing strain 
rates under three different initial suctions. This chapter is organized as follows. Section 5.2 is 
concerned with the soil water retention curve for Glenroy silt, section 5.3 shows the void ratio change 
path and degree of saturation change path under different OCRs for saturated/unsaturated specimens, 
section 5.4 shows testing results for unsaturated specimens under different OCRs at shearing rate 1%/h, 
section 5.5 and section 5.6 shows testing results for unsaturated specimens under different strain rate 
at OCR=1, OCR=4 and OCR=8. 
 
5.2 Soil water retention curve 
 
In general, SWCC are commonly used to represent the behaviour of deformable unsaturated soils. In 
this study, SWCC tests with confining pressure (10 kPa, 200kPa, 400 kPa) were performed, and then, 
different suctions (1 kPa 50 kPa, 200 kPa, 400 kPa, 800 kPa) is added to the sample gradually, the 
suction is usually defined as ua-uw, where ua  is pore air pressure and uw is pore pressure. The test 
results are shown in Table 6 for sample S-1, Table 7 for sample S-2, Table 8 for sample S-3. Figure 
25 show the summary of these three SWCC results for Glenroy soil with different confining stresses. 
It shows that the air input value (AEV) is around 50 kPa, and when the degree of saturation and porosity 
are reduced, the suction increases during drying. Moreover, the equation (4.1) (Van Genuchten, 1980) 
is used to validate the test result with hydraulic components a=300, m=1.5, n=0.4 for p=400 kPa , 
a=200, m=1.5, n=0.4 for p=200 kPa and a=100, m=1.8, n=0.4 for p=10 kPa. 
1
nm
rS s
s a
          
 (4.1) 
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 Table 6 Summary of SWCC test for sample S-1 
 
 
 
 
S-1 
s (kPa) Sr (%) e (-) 
1 100.00 0.63 
10 98.13 0.61 
50 82.85 0.59 
200 57.29 0.56 
400 37.40 0.55 
800 21.64 0.54 
 
 
Table 7 Summary of SWCC test for sample S-2 
 
 
 
 
S-2 
s (kPa) Sr (%) e (-) 
1 100.00 0.58 
10 99.00 0.56 
50 92.06 0.55 
200 68.92 0.50 
400 51.48 0.49 
800 32.78 0.48 
 
 
Table 8 Summary of SWCC test for sample S-3 
 
 
 
 
S-3 
s (kPa) Sr (%) e (-) 
1 100.00 0.54 
10 99.20 0.52 
50 94.06 0.51 
200 76.95 0.46 
400 56.38 0.45 
800 41.77 0.44 
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Figure 25 (a) Degree of saturation vs suction and (b) void ratio vs suction 
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5.3 Changes of void ratio and saturation  
 
In this experiments, a series of CW tests with different stress history and strain rates were carried out, 
and the mechanical properties of unsaturated weak expansive soils were studied. Detailed triaxial test 
results and discussion are as follows. The sample is first consolidated at the same confining pressure 
at 400 kPa (stage 1-2) which shows in Figure 22, and when the soil sample reaches the primary 
consolidation, elastic-plastic compressibility λ0 = 0.048 can be found and then unloaded to different 
stress conditions (stage 2-3) which shows in Figure 22, elastic compressibility κ is equal to 0.01 can 
be found in this unloading stage. Then, the reference suction was added to each soil sample to stabilize 
the sample to each condition which shows in Figure 24, after that, the shearing process occurs (stage 
4-5). In this section, the benchmark shear rate 1%/h by fluid pushing the axial loading piston at 
controlled volume rate is been shown in the following.  The measured change of void ratio and the 
change of degree of saturation of the Glenroy silt with different initial suctions have been presented in 
Figure 26 which present (s = 0, tests CW-0-1, CW-0-2, CW-0-4, and CW-0-8). Figure 27 and Figure 
28 which present (s = 100kPa, tests CW-100-1, CW-100-2, CW-100-4, and CW-100-8). Figure 29 and  
Figure 30 which present (s = 200, tests CW-200-1, CW-200-2, CW-200-4, and CW-200-8). Figure 31 
and Figure 32 which present (s = 300kPa, tests CW-300-1, CW-300-2, CW-300-4, CW-300-8). Figure 
33 and Figure 34 which present (s = 400kPa, tests CW-400-1, CW-400-2, CW-400-4, CW-400-8).  
  
As shown in Figure 26 and Table 9, the elasto-plastic compressibility index for saturated soil λ0 
can be determined to be 0.048 and elastic compressibility κ is equal to 0.01. For saturated samples, the 
undrained triaxial tests do not produce volume change and degree of saturation is always equal to 1 
which means the void ratio and degree of saturation of point 4 and point 5 are equals to point 3.  
 
 As shown in Figure 27, Figure 28 and Table 10, for unsaturated samples at a suction of 100kPa 
with different OCRs.  The void ratios range from 0.507 (see □4 in Figure 27) to 0.532 (see ◊4 in 
Figure 27), and the degree of saturation ranges from 93.3% (see □4 in Figure 28) to 78.9% (see ◊4 in 
Figure 28) before the undrained shearing. After undrained shearing, the void ratio ranges from 0.475 
(see □5 in Figure 27) to 0.583 (see ◊5 in Figure 27) and the degree of saturation ranges from 99.5% 
(see □5 in Figure 28) to 71.8% (see ◊5 in Figure 28).  The water contents before shearing and after 
shearing for different OCRs are identical to each other by re-checking 𝑒𝑆୰/𝐺ୱ. The water contents at a 
suction of 100kPa range from 17.8% (OCR=1) to 15.8 %( OCR=8).  
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 As shown in Table 11, for unsaturated samples at a suction of 200kPa with different OCRs, the 
void ratios range from 0.492 (see □4 in Figure 31) to 0.527 (see ◊4 in Figure 31), and the degree of 
saturation ranges from 67.9% (see □4 in Figure 32) to 60.3% (see ◊4 in Figure 32) before the 
undrained shearing. After undrained shearing, the void ratio ranges from 0.455 (see □5 in Figure 31) 
to 0.610 (see ◊5 in Figure 31) and the degree of saturation ranges from 74.4% (see □5 in Figure 32) 
to 52.2% (see ◊5 in Figure 32).  The water contents before shearing and after shearing for different 
OCRs are identical to each other. The water contents at a suction of 200kPa range from 12.7 %( OCR=1) 
to 12.0% (OCR=8). 
  
 As shown in Figure 31, Figure 32 and Table 12, for unsaturated samples at a suction of 300kPa 
with different OCRs.  The void ratios range from 0.492 (see □4 in Figure 31) to 0.520 (see ◊4 in 
Figure 31), and the degree of saturation ranges from 60.4% (see □4 in Figure 32) to 48.5% (see ◊4 in 
Figure 32) before the undrained shearing. After undrained shearing, the void ratio ranges from 0.417 
(see □5 in Figure 31) to 0.610 (see ◊5 in Figure 31) and the degree of saturation ranges from 71.3% 
(see □5 in Figure 32) to 41.2% (see ◊5 in Figure 32).  The water contents before shearing and after 
shearing for different OCRs are identical to each other. The water contents at a suction of 300kPa 
range from 11.2% (OCR=1) to 9.5% (OCR=8). 
 
 As shown in Table 13, For unsaturated samples at a suction of 400kPa with different OCRs, the 
void ratios range from 0.485 (see □4 in Figure 33) to 0.510 (see ◊4 in Figure 33), and the degree of 
saturation ranges from 48.4% (see □4 in Figure 34) to 39.3% (see ◊4 in Figure 34) before the undrained 
shearing. After undrained shearing, the void ratio ranges from 0.377 (see □5 in Figure 33) to 0.583 
(see ◊5 in Figure 33) and the degree of saturation ranges from 62.4% (see □5 in Figure 34) to 34.5% 
(see ◊5 in Figure 34).  The water contents before shearing and after shearing for different OCRs are 
identical to each other. The water contents at a suction of 400kPa range from 8.9% (OCR=1) to 
7.6%(OCR=8). 
 
 In summary, the degree of saturation decrease with the suction increase and the degree of 
saturation decrease with the confining pressure decrease, the reason is the shift of SWCC with different 
net confining pressure for each sample. It is also to be noted that there is no drying stage in Figure 26, 
during the shearing process, the soil and porosity remain constant. There are three different strain rate 
in this research: 0.1%/h, 1%/h and 10%/h. However, the shear rate in this section is 1%/h as an example 
to shown the entire process of this research.  
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Table 9 Changes of void ratio and saturation for unsaturated reconstitute Glenroy silt during shearing 
(s=0 kPa) 
 OCR=1 OCR=2 
point ’(kPa) e(-) Sr(%) w(%) ’(kPa) e(-) Sr(%) w(%) 
1 50 0.625 100 23 50 0.63 100 23.33 
2 400 0.54 100 20 400 0.55 100 20.37037 
3 - - - - 200 0.562 100 20.81481 
 
 OCR=4 OCR=8 
point ’(kPa) e(-) Sr(%) w(%) ’(kPa) e(-) Sr(%) w(%) 
1 50 0.63 100 23.1 50 0.64 100 23.7 
2 400 0.55 100 20.37 400 0.56 100 20.74 
3 100 0.56 100 20.74 50 0.57 100 21.11 
 
Table 10 Changes of void ratio and saturation for unsaturated reconstitute Glenroy silt for the entire 
process (s=100 kPa) 
 OCR=1 OCR=2 
point ’(kPa) e(-) Sr(%) w(%) ’(kPa) e(-) Sr(%) w(%) 
1 50 0.62 100 22.96 50 0.627 100 23.22 
2 400 0.54 100 20 400 0.544 100 20.148 
3 - - - - 200 0.562 100 20.815 
4 400 0.507 93.26 17.51 200 0.517 87.77 16.806 
5 400 0.475 99.51 17.506 200 0.511 87.3 16.522 
 
 OCR=4 OCR=8 
point ’(kPa) e(-) Sr(%) w(%) ’(kPa) e(-) Sr(%) w(%) 
1 50 0.63 100 23.33 50 0.63 100 23.33 
2 400 0.54 100 20 400 0.54 100 20 
3 100 0.57 100 21.11 50 0.58 100 21.48 
4 100 0.523 84.11 16.29 50 0.532 78.92 15.55 
5 100 0.5557 78.41 16.13 50 0.583 71.79 15.52 
 
 
Table 11 Changes of void ratio and saturation for unsaturated reconstitute Glenroy silt for the entire 
process (s=200 kPa) 
 OCR=1 OCR=2 
point ’(kPa) e(-) Sr(%) w(%) ’(kPa) e(-) Sr(%) w(%) 
1 50 0.62 100 22.96296 50 0.627 100 23.22222 
2 400 0.54 100 20 400 0.544 100 20.14815 
3 - - - - 200 0.562 100 20.81481 
4 400 0.492 67.86 12.36 200 0.497 65.48 12.05 
5 400 0.4553 74.44 12.55 200 0.5198 63.86 12.29 
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 OCR=4 OCR=8 
point ’(kPa) e(-) Sr(%) w(%) ’(kPa) e(-) Sr(%) w(%) 
1 50 0.63 100 23.33 50 0.63 100 23.33 
2 400 0.54 100 20 400 0.54 100 20 
3 100 0.57 100 21.11 50 0.58 100 21.48 
4 100 0.52 63.07 12.14 50 0.527 60.33 11.77 
5 100 0.56 58.18 12.07 50 0.61 52.15 11.78 
 
Table 12 Changes of void ratio and saturation for unsaturated reconstitute Glenroy silt for the entire 
process (s=300 kPa) 
 OCR=1 OCR=2 
point ’(kPa) e(-) Sr(%) w(%) ’(kPa) e(-) Sr(%) w(%) 
1 50 0.625 100 23.148 50 0.63 100 23.33 
2 400 0.545 100 20.185 400 0.54 100 20 
3 - - - - 200 0.562 100 20.815 
4 400 0.492 60.4 11.01 200 0.51 54.8 10.35 
5 400 0.417 71.28 11.01 200 0.53 53 10.40 
 
 OCR=4 OCR=8 
point ’(kPa) e(-) Sr(%) w(%) ’(kPa) e(-) Sr(%) w(%) 
1 50 0.63 100 23.33 50 0.63 100 23.33 
2 400 0.54 100 20 400 0.54 100 20 
3 100 0.57 100 21.11 50 0.58 100 21.48 
4 100 0.511 52.38 9.92 50 0.52 48.46 9.33 
5 100 0.566 47.67 9.99 50 0.61 41.2 9.31 
 
Table 13 Changes of void ratio and saturation for unsaturated reconstitute Glenroy silt for the entire 
process (s=300 kPa) 
 OCR=1 OCR=2 
point ’(kPa) e(-) Sr(%) w(%) ’(kPa) e(-) Sr(%) w(%) 
1 50 0.625 100 23.148 50 0.63 100 23.33 
2 400 0.54 100 20 400 0.55 100 20.37 
3 - - - - 200 0.562 100 20.82 
4 400 0.485 48.4 8.694 200 0.494 44.4 8.12 
5 400 0.377 62.4 8.713 200 0.493 43.6 7.96 
 
 OCR=4 OCR=8 
point ’(kPa) e(-) Sr(%) w(%) ’(kPa) e(-) Sr(%) w(%) 
1 50 0.63 100 23.33 50 0.64 100 23.70 
2 400 0.55 100 20.37 400 0.56 100 20.741 
3 100 0.56 100 20.74 50 0.57 100 21.11 
4 100 0.503 41.6 7.75 50 0.51 39.3 7.42 
5 100 0.548 38 7.71 50 0.583 34.5 7.45 
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Figure 26 Void ratio vs Net confining stress with initial suction s=0 kPa 
 
Figure 27 Void ratio vs net confining stress with initial suction s=100 kPa 
 
Figure 28 Sr vs net confining stress with initial suction s=100 kPa 
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Figure 29 Void ratio vs net confining stress with initial suction s=200 kPa 
 
Figure 30 Sr vs net confining stress with initial suction s=200 kPa 
 
Figure 31 Void ratio vs net confining stress with initial suction s=300 kPa 
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Figure 32 Sr vs net confining stress with initial suction s=300 kPa 
 
Figure 33 Void ratio vs net confining stress with initial suction s=400 kPa 
 
Figure 34 Sr vs net confining stress with initial suction s=400 kPa 
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5.4 Testing results of different OCRs for unsaturated reconstitute Glenroy silt 
 
The measured stress-strain behaviour( 𝑞/𝑝′  versus 𝜀ଵ , and 𝑞  versus 𝜀ଵ ), volume change 
behaviour(𝜀୴ versus 𝜀ଵ), saturation change behaviour(𝑆୰ versus 𝜀ଵ), and suction-strain behaviour(𝑠 
versus 𝜀ଵ) for the Glenroy silt at different suctions and OCRs during the undrained triaxial shearing 
are presented in this section. For the data analysis here, both Bishop’s effective stress (i.e., 𝑝ᇱ = 𝑝 +
𝑆୰𝑠) and net stress (𝑝) are adopted for unsaturated samples.  For saturated samples, Terzaghi’s 
effective stress (i.e., 𝑝ᇱ = 𝑝 − 𝑢, 𝑢 = −𝑠) is adopted here. The summary details are in Table 14. 
 
Table 14 Summary of testing results of different OCRs for unsaturated reconstitute Glenroy silt 
during shearing 
 Initial s=0 kPa Initial s=100 kPa 
OCR 1 2 4 8 1 2 4 8 
ε(%/h) 1 1 1 1 1 1 1 1 
’0 (kPa) 400 200 100 50 400 200 100 50 
Srf (%) 100 100 100 100 99.8 88 80 73 
εvf(%) 0 0 0 0 -2.01 0.144 2.38 3.57 
qmax(kPa) 308.8 289.1 251.6 241.2 1022.6 553.1 390.3 285.9 
qmax/p’(-) 1.31 1.33 1.38 1.72 1.253 1.344 1.427 1.52 
qf/p’(-) 1.257 1.325 1.367 1.397 1.253 1.283 1.306 1.33 
sf(kPa) -284.78 -85.74 -13.3 36.6 0.23 17.96 28.9 42.96 
 
 Initial s=200 kPa Initial s=300 kPa 
OCR 1 2 4 8 1 2 4 8 
ε(%/h) 1 1 1 1 1 1 1 1 
’0 (kPa) 400 200 100 50 400 200 100 50 
Srf (%) 72 65 60 56 68 55 51 43 
εvf(%) -3.2 0.789 3.2 3.81 -6.95 0.9 3.146 4.536 
qmax(kPa) 1047.36 625.02 453.71 361.73 1190.0 669.01 547.74 397.25 
qmax/p’(-) 1.24 1.30 1.38 1.51 1.287 1.291 1.385 1.407 
qf/p’(-) 1.220 1.219 1.266 1.3 1.237 1.259 1.322 1.365 
sf(kPa) 58.78 64.26 69.74 86.96 136.26 109.65 140.17 140.2 
 
 Initial s=400 kPa 
 
OCR 1 2 4 8 
ε(%/h) 1 1 1 1 
’0 (kPa) 400 200 100 50 
Srf (%) 61 45 39 35 
εvf(%) -6.95 0.91 3.146 4.53 
qmax(kPa) 1177 700 572 468 
qmax/p’(-) 1.208 1.211 1.263 1.388 
qf/p’(-) 1.208 1.21 1.351 1.37 
sf(kPa) 295.217 288.261 302.174 333.478 
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5.4.1 Saturated samples under different OCRs 
 
Figure 35 shows the relationship between the deviator stress ratio q/p′ and the axial strain ε1 for the 
saturated CU test under different OCRs. As the OCR value increase, the peak deviator stress ratio 
increase. And when the offset stress is reached at an axial strain of 5% to 7%, and a smooth decrease 
is observed, and when OCR = 4 and OCR = 8, a stable value is finally reached. In general, higher 
suction results in higher deviator stress, whereas higher OCR results in lower effective stress. In 
addition, when the initial suction increases during shear, the deviator stress increases. However, in 
Figure 36, the pore pressure and the axial strain appear different behaviour, the observation data show 
that when OCR = 1, with the increase of OCRs, pore pressure drop, especially when OCR = 8, the 
pressure is negative - about -42 kPa. For higher OCR values, the pore pressure is lower when the 
sample reaches equilibrium during the shear phase. In Figure 36, the pore pressure difference between 
the OCRs is very small, and the pore pressure increases with the shear strain, and finally reaches the 
equilibrium state. 
 
 
Figure 35 Axial strain vs /q p  for saturated Glenroy silt with different OCRs 
q/
p'
 (-
)
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Figure 36 Axial strain vs pore-pressure for saturated Glenroy silt with different OCRs 
 
Figure 37 Deviator stress vs effective stress for saturated Glenroy silt with different OCRs 
 
Figure 37 shows the stress path for saturated CU tests (test 1, 2, 3, 4). The data are based on the 
deviator stress and the effective stress. The graph clearly shows the best fit of the failure envelope of 
this test, which produces M = 1.3. Verification also shows that the test results are reliable and that the 
uniqueness of the fully saturated behaviour can also be applied to a limited compression test with a 
constant water content suction control tests. Thus, the stress path for unsaturated soil is very different 
from those of the saturation test. These results are used to emphasize the importance of considering 
the stress path of unsaturated soils, especially when there may be large OCR differences. 
 
5.4.2 Stress-strain behaviour for unsaturated samples under different OCRs 
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Figure 38-Figure 41 shows the relationship between /q p  and axial strain for unsaturated CW tests 
under different OCRs. The graph shows that the ratio of axial strain at an axial strain of about 5% to 
7% reaches to a peak value, after which a smooth decrease is observed and eventually a stable value 
is reached, the stable value should be a range in the experiments. In general, in the case of different 
suction, the higher the OCR ratio, the higher the peak stress ratio, the lower the suction force, the lower 
the peak stress ratio.  
 
Figure 38 q
p
vs Axial strain of the unsaturated Glenroy silt with different OCRs(s=100 kPa) 
 
Figure 39 q
p
vs Axial strain of the unsaturated Glenroy silt with different OCRs(s=200 kPa) 
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Figure 40 q
p
vs Axial of the unsaturated Glenroy silt with different OCRs(s=300 kPa) 
 
Figure 41 q
p
vs Axial strain of the unsaturated Glenroy silt with different OCRs(s=400 kPa) 
 
5.4.3 Suction-strain behaviour for unsaturated samples under OCRs 
 
However, in Figure 42-Figure 45, the suction change during the shearing has different behaviours on 
the axial strain. The observed data shows the suction decrease during the shearing for higher initial 
suction values is lower than those for lower initial suction value tests for all OCRs. Deviator stress 
ratio and volume change show similar behaviour for different suction conditions. The peak deviator 
stress ratio increases with increasing OCR, but decreases as the suction increases. The reason is that 
the shearing test is carried out at a constant moisture content due to the shrinkage behaviour of the soil, 
and the shearing rate may affect the suction change during the test.  
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Figure 42 Strain vs suction of the unsaturated Glenroy silt with OCR=1 
 
Figure 43 Strain vs suction of the unsaturated Glenroy silt with OCR=2 
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Figure 44 Strain vs suction of the unsaturated Glenroy silt with OCR=4 
 
Figure 45 Strain vs suction of the unsaturated Glenroy silt with OCR=8 
 
5.4.4 Stress path for unsaturated samples under OCRs 
 
The stress path for shearing is drawn on the stress path plane in Figure 46-Figure 49. The suction 
before shearing is 100 kPa, 200 kPa, 300 kPa and 400 kPa for each figure. In Figure 46, it shows the 
peak deviator stress is decreasing with increased OCR, and then the deviator stress decrease especially 
for higher OCR. Figure 47, Figure 48 and Figure 49 also shows similar behaviour compare with Figure 
46, furthermore, the deviator stress in increased with increase suction for all OCR states. For example, 
the peak deviator stress for test 18 in Figure 49 is around 700 kPa which is larger than 550 kPa for test 
6 in Figure 46. Above all, the deviator stress q decreases with increasing OCRs and it increased with 
increased suctions. The reason for this behaviour is that the amount of bone stress exceeds the average 
suction contribution to the higher OCR, which leads to erroneous assessment (Alonso et al., 2010a) 
compared to the higher OCR experimental data, and the deviator stress is highly influence by net 
confining pressure before shearing. 
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Figure 46 qvs pof the unsaturated Glenroy silt with different OCRs (s=100 kPa) 
 
Figure 47 qvs pof the unsaturated Glenroy silt with different OCRs (s=200 kPa) 
 
Figure 48 qvs pof the unsaturated Glenroy silt with different OCRs (s=300 kPa) 
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Figure 49 qvs pof unsaturated Glenroy silt with different OCRs (s=400 kPa) 
 
5.4.5 Volume change behaviour for unsaturated samples under OCRs 
 
Figure 50-Figure 53 show the results of a constant water content test for volume change. The data 
points show higher OCR values for higher swelling behaviour of soil samples during shear. When 
OCR = 1, all samples of constant water content during shear show a shrinkage behaviour and this 
shrinkage behaviour is increasing with increased suction in CW tests. For example, the volume change 
for test 17 in Figure 53 is around 7% which is larger than 2.1% for test 5 in Figure 50. When OCR>1, 
it exhibits an expansion behaviour and the expansion behaviour is increase with increased OCR and it 
also increase with increased suction levels. For example, the volume change for test 20 in Figure 37 is 
around 5% which is larger than 3% for test 8 in Figure 34. Above all, the test results show that the 
higher suction specimen at shear shows higher shear strength, higher shrinkage and higher shear 
strength expansion volume strain and this is very different compare with unsaturated CD tests which 
shows in (Oka et al., 2010). Tests 5, 9, 13, 17 (OCR=1) show only strain hardening behaviour. 
Shrinkage and strain hardening softening behaviour Shear expansion can be in other tests when 
OCR>1. Fully expansive soil becomes very stiff, with peak intensity and strong shear - swelling, along 
with tip strain softening, vivid small strain. Thus, the characteristics of the stress-strain curve, such as 
peak intensity, softening and shear expansion, are changing and the suction level.  
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Figure 50 Axial strain vs volume strain of unsaturated Glenroy silt with different OCRs (s=100kPa) 
 
Figure 51 Axial strain vs volume strain of unsaturated Glenroy silt with different OCRs (s=200 kPa) 
 
Figure 52 Axial strain vs volume strain of unsaturated Glenroy silt with different OCRs (s=300 kPa) 
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Figure 53 Axial strain vs volume strain of unsaturated Glenroy silt with different OCRs (s=400 kPa) 
 
5.4.6 Saturation change behaviour for unsaturated samples under OCRs 
 
Figure 54-Figure 57 show that the degree of saturation varies during the shearing period. Figure 54 
show the degree of saturation increase with a stable suction range when the sample reaches equilibrium 
in the case of OCR = 1, it shows Sr is increasing during the shearing period, especially for test 5, the 
sample reach to 100% at final state.  Figure 55-Figure 57 show a slight degree of saturation for OCR 
= 2, 4, 8 during shearing, and the Sr first increase a little bit and then decrease. While the higher OCR 
has a lower degree of saturation, For example, the degree of saturation for test 8 in Figure 57 is around 
73% which is smaller than 100% for test 5 in Figure 54, the only difference for these two tests are 
different OCRs. In this case, the stress history also can affects the saturation during shear, and when 
the unsaturated sample is taken into account in the experiments it shows a degree of saturation 
reduction with a higher OCR value (OCR = 2, 4, 8). For all tests in OCR=1, the shear leads to an 
increase in saturation. The reason for this which the Test show some decrease in the saturation during 
the shearing process the sample experience an expansion behaviour during shearing and it happens in 
all suction range.  
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Figure 54 Axial strain vs Sr of the unsaturated Glenroy silt with OCR=1 
 
 
Figure 55 Axial strain vs Sr of the unsaturated Glenroy silt with OCR=2 
 
 
Figure 56 Deviator stress vs Sr of the unsaturated Glenroy silt with OCR=4 
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Figure 57 Axial strain vs Sr of the unsaturated Glenroy silt with OCR=8 
 
5.4.7 Discussions 
5.4.7.1 Peak effective stress ratio under OCRs 
 
Figure 58 shows the peak deviator stress ratio with different OCRs, the peak deviator stress ratio 
increases with increasing OCR for all suction levels. And it decreases with the suction increases. The 
reason is that the shearing test is carried out at a constant moisture content due to the shrinkage 
behaviour of the soil, and the stress history may affect the suction change during the test. In addition, 
for the same OCRs, the effect of suction on the value of Mf becomes distinct along with increases of 
the suction. For example, the range of Mf is between 1.2 and 1.3 for a suction range of 0~400kPa when 
OCR=1. While, when OCR=8, the range of Mf is between 1.38 and 1.72 for the same suction range. 
 
 
Figure 58 OCR vs peak deviator stress ratio  
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5.4.7.2 Degree of saturation at failure under OCRs 
Figure 59 shows the degree of saturation at failure with different OCRs, the degree of saturation at 
failure decrease with increasing OCR for all suction levels. And it decrease with increased suctions for 
all suction levels. The reason for these is due to shrinkage and strain hardening softening behaviour 
Shear expansion happens when OCR>1. Fully expansive soil becomes very stiff, with peak intensity 
and strong shear. Thus, the characteristics of the stress-strain curve, such as peak intensity, softening 
and shear expansion are changing when OCR increase. In addition, for saturated samples, the degree 
of saturation at failure state keep constant (Srf = 1). For unsaturated samples, the degree of saturation 
at failure state nonlinearly decrease along with the increase of OCR at the same suction levels. For 
example, when suction is equal to 100kPa, the value of Srf decreases from 99.8% to about 73% if OCR 
increase from 1 to 8. This mainly can be attributed to the volume dilation that becomes more distinct 
along with the increase of OCR.  In addition, for the same OCRs, the effect of suction on the value 
of Srf becomes more distinct for the same suction range.  For example, when OCR = 1, the range of 
Srf is between 100% and about 61% for a suction range from 0 to 400kPa. For the same suction range 
(0~400kPa), the range of Srf becomes between 100% and about 35% when OCR = 8. 
 
Figure 59 OCR vs degree of saturation at failure for different initial suctions 
 
5.4.7.3 Suction at failure under OCRs 
 
The relationships between the suction at failure (sf) and the OCR for different initial suctions are been 
presented in Figure 36.  The negative pore water pressure for saturated samples can be equivalent to 
the suction for unsaturated samples. Figure 60 shows the suction at failure with different OCR, the 
suction at failure increases with increasing OCR and increasing suction levels. The reason is that the 
shearing test is carried out at a constant moisture content and the stress history may affect the suction 
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change during the test. 
 
Figure 60 OCR vs suction at failure for different initial suctions 
5.4.7.4 Volumetric strain at failure under OCRs 
 
The relationships between the volumetric strain at failure (vf) and the OCR for different initial suctions 
are presented in Figure 61.  As shown in Figure 61, the volumetric strain for saturated samples is 
always equal to zero, which can be used as the dividing line for positive (contraction) and negative 
(dilation) volumetric stains. The samples with an OCR of 2 almost do not show the volumetric strain 
at failure at different suctions. The normally consolidated samples at the failure states show 
contractions for different suctions and the value of positive volumetric strain is increasing with the 
increase of the initial suction.  The heavily overconsolidated samples (OCR=4 and 8) at the failure 
states show dilations for different suction. The absolute value of average dilation when OCR = 8 for 4 
different suctions is larger than that when OCR = 4. For the heavily overconsolidated samples (OCR=4 
and 8), the absolute value of negative volumetric strain at the failure states with same OCR values is 
increasing with the increase of the initial suction. In summary, Figure 61 shows the volume strain at 
failure with different OCR, the volume strain at failure decrease with increasing OCR for all suction 
levels, and it increased with increasing suctions when OCR=1, but it shows decreasing behaviour with 
increased suction levels when OCR=8. 
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 Figure 61 OCR vs volume strain at failure for different initial suctions 
 
5.5 Testing results for different strain rate effects for normally consolidated unsaturated reconstitute 
Glenroy silt 
 
In this section, a series of CW tests with different strain rates are carried out, and the mechanical 
properties of unsaturated weak expansive silt are studied. The measured stress-strain behaviour(𝑞 
versus 𝜀ଵ), volume change behaviour(𝜀୴ versus 𝜀ଵ), saturation change behaviour(𝑆୰ versus 𝜀ଵ), and 
suction-strain behaviour(𝑠 versus 𝜀ଵ) for the Glenroy silt at different suctions and strain rates during 
the undrained triaxial shearing are presented in this section. For the data analysis here, both Bishop’s 
effective stress (i.e., 𝑝ᇱ = 𝑝 + 𝑆୰𝑠) and net stress (𝑝) are adopted for unsaturated samples.  For 
saturated samples, Terzaghi’s effective stress (i.e., 𝑝ᇱ = 𝑝 − 𝑢 , 𝑢 = −𝑠 ) is adopted here. The 
summary details are presented in Table 15. 
 
Table 15 Summary of testing results of different strain rates for unsaturated reconstitute Glenroy silt 
under normally consolidated conditions during shearing 
 Initial s=0 kPa Initial s=100 kPa 
OCR 1 1 1  1 1 1  
ε(%/h) 0.1 1 10 0.1 1 10 
’0 (kPa) 400 400 400 400 400 400 
Srf (%) 100 100 100 99.8 99 97 
εvf(%) 0 0 0 -2.434 -2.02 -0.362 
qmax(kPa) 246.47 308.84 340.94 910.44 1022.61 1087.756 
sf(kPa) -320 -284.78 -270 3.56 0.34 55.45 
 
 Initial s=200 kPa Initial s=300 kPa 
OCR 1 1 1  1 1 1  
ε(%/h) 0.1 1 10 0.1 1 10 
’0 (kPa) 400 400 400 400 400 400 
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Srf (%) 78 75 71 74 70 65 
εvf(%) -3.857 -3.2 -1.278 -5.88 -4.76 -3.05 
qmax(kPa) 967.74 1047.39 1146.37 1170 1190 1250 
sf(kPa) 55.96 58.78 144.15 108.01 136.21 245.54 
 
5.5.1 Saturated samples under different strain rates for normally consolidated silt 
 
A series of triaxial saturated CU tests with different strain rates were carried out, and the mechanical 
properties of unsaturated weak expansive soils studied. Figure 62 indicates the relationship between 
the deviator stress and the axial strain ε1 for the saturated CU test under different strain rates. As shown 
in Figure 62, the 𝑞 ~ 𝜀ଵ curves for different strain rates clearly separate into three different lines, 
which indicate the relationship between the deviator stress and the axial strain ε1 for the saturated 
samples. As the axial strain increases, the deviator stress increase and when the maximum deviator 
stress has been reached at an axial strain of 3% to 5%, a smooth behaviour is observed. The deviator 
stress at failure is 256kPa, 299kPa, 334kPa for strain rates 0.1%/h, 1%/h, and 10%/h, respectively. It 
is clear that the deviator stress at failure increased with strain rates.  
 
However, in Figure 63, the pore pressure and the axial strain appear different behaviours, 
presenting the development of pore water pressure for samples with different strain rates during 
shearing. For the sample with higher strain rate of 10%/h, a positive pore water pressure of about 
275kPa was developed during undrained shearing. For the sample with middle strain rate of 1%/h, a 
positive pore water pressure of about 285kPa was produced during the test. For the sample with the 
lower strain rate of 0.1%/h, a positive pore water pressure of about 309kPa was produced during the 
test. It is clear that the pore pressure at failure is decreased with increased strain rates for the saturated 
undrained test. In Figure 63, the pore pressure difference between the different strain rates is very 
small, and the pore pressure increases with the shear strain, and finally reaches the equilibrium state. 
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Figure 62 Axial strain vs deviator stress of the saturated Glenroy silt with different strain rates 
 
Figure 63 Axial strain vs pore-pressure of the saturated Glenroy silt with different strain rates 
  
5.5.2 Stress-strain behaviour for unsaturated samples under different strain rates for normally 
consolidated silt 
 
The stress-strain behaviour for unsaturated samples with different suctions (100, 200 and 300kPa) and 
different strain rates (=0.1%/h, 1%/h and 10%/h) is presented in Figure 64, Figure 65 and Figure 66 
(in the space of 𝑞 versus 𝜀ଵ) which indicate the relationship between deviator stress and axial strain 
for unsaturated CW tests under different strain rates. The measured relationships for the deviator stress 
versus the axial strain for unsaturated Glenroy silt with different strain rates and different initial 
suctions (s=100 kPa, s=200 kPa and s=300 kPa) are also presented in Figure 64, Figure 65 and Figure 
66.  In these figures, at the same suction level, the stress-strain curves relate to the different strain 
rates. When s=100 kPa, the maximum deviator stress is 872kPa, 897kPa, 1030kPa for strain rate 
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0.1%/h, 1%/h and 10%/h, respectively, shown in Figure 64. When s=200 kPa, the maximum deviator 
stress is 968kPa, 975kPa, 1090kPa for strain rates 0.1%/h, 1%/h and 10%/h respectively, shown in 
Figure 65. When s=300 kPa, the maximum deviator stress is 1170kPa, 1190kPa, 1250kPa for strain 
rate 0.1%/h, 1%/h and 10%/h respectively, shown in Figure 66. It is clear that the maximum deviator 
stress is increased strain rates for unsaturated CW tests. It should be noticed that, in the CW test, there 
is a suction change during the shearing, which leads to a small suction history effect which is possibly 
the reason why a peak deviator stress is clearly shown in Figure 64, Figure 65 and Figure 66, especially 
for 10%/h samples. In summary, in the case of different suctions, the higher the strain rate, the higher 
the peak stress. The reason for this phenomenon is related with particle crushing and rearranging during 
shear, as is suggested by (Yamamuro and Lade, 1993). As the fracturing and rearranging of soil grains 
needs time, the increment in strain rates leads to less time, therefore, decreasing amount of the particle 
crushing and rearranging. 
 
 
Figure 64 Deviator stress vs axial strain of the unsaturated Glenroy silt with different strain rates for 
s=100 kPa 
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Figure 65 Deviator stress vs axial strain of the unsaturated Glenroy silt with different strain rates for 
s=200 kPa 
  
Figure 66 Deviator stress vs axial strain of the unsaturated Glenroy silt with different strain rates for 
s=300 kPa 
5.5.3 Stress path for unsaturated samples under strain rates for normally consolidated silt 
 
The stress path for shearing is drawn on the stress path plane in Figure 67-Figure 70. The suction 
before shearing is 0kPa, 100 kPa, 200 kPa, and 300 kPa for each figure. Figure 67 presents the stress 
path for saturated CU tests. The data are based on the deviator stress and the effective stress. The graph 
clearly shows the best fit of the failure envelope of this test, which produces M = 1.3. Verification also 
shows that the test results are reliable and that the uniqueness of the fully saturated behaviour can also 
be applied to a limited compression tests with a constant water content suction control. These results 
are used to emphasize the importance of considering the stress path, especially when there may be 
large strain rate differences. In Figure 67, it is shown that the peak deviator stress is decreasing with 
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increased strain rates in Figure 68 and Figure 70; Figure 69 also shows similar behaviour compare 
with Figure 67. Furthermore, the deviator stress is increased with increase suction for all strain rate 
conditions. Above all, the deviator stress q increases with increasing strain rate and it increases with 
increased suction.  
 
Figure 67 qvs p  of the saturated Glenroy silt with different strain rates  
 
Figure 68 qvs p  of the unsaturated Glenroy silt with different strain rates for s=100 kPa 
 
0 100 200 300 400 500
p' (kPa)
0
200
400
600
M=1.3
D
ev
ia
to
r s
tre
ss
, q
 (k
Pa
)
 99 
 
 
Figure 69 qvs pof the unsaturated Glenroy silt with different strain rates for s=200 kPa 
 
Figure 70 qvs p  of the unsaturated Glenroy silt with different strain rates for s=300 kPa 
 
5.5.4 Suction-strain behaviour for unsaturated samples under different strain rates for normally 
consolidated silt 
 
The suction variations for unsaturated samples with different initial suctions (100, 200 and 300kPa) 
and different strain rates (=0.1%/h, 1%/h and 10%/h) during the undrained triaxial tests are presented 
in Figure 71, Figure 72 and Figure 73. 
 
 As shown in Figure 71, Figure 72 and Figure 73, the decrease in suction was observed for 
unsaturated samples for all three strain rates, which corresponds to the increase in degree of 
saturation .For example, the suction decreases to zero (degree of saturation increases to one) with strain 
rates 0.1%/h, 1%/h and 10%/h during the undrained shearing.  For the larger strain rate, 10%/h 
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sample, the decrease in amount is smaller than for other two samples. In general, we observed a 
decrease in suction for all the samples. Since the air pressure remains constant for all the tests for each 
sub-figure, the decrease in suction implies an increase in the pore water pressure. The observed data 
indicate that the suction at failure for 10%/h is larger than the suction at failure for 1%/h and the suction 
at failure for 0.1%/h; and they also indicate that decrease during the shearing for the higher strain rate 
is lower than that for lower strain rate tests for the whole suction range.  
 
Moreover, deviator stress in Figure 64, Figure 65 and Figure 66 and suction change in Figure 71, 
Figure 72 and Figure 73 present different behaviours for different strain rates during the shearing. The 
peak deviator stress increases with increasing strain rates, but suction change decreases as the strain 
rate increases. The reason for this is that the shearing test has been carried out at a constant moisture 
content, and the suction changes are due to the volume change of the soil during the shearing. In 
addition, for different shearing rates, the speed of water penetration from one void to another during 
the shearing does not occur instantly for the unsaturated soil test. In this case, the water pressure 
transfer from one void to another also follows this flow rule, which makes the suction is decrease when 
the shearing rate increases.  
 
In summary, the observed data indicate that the suction decrease during the shearing for higher 
strain rate is lower than that for lower strain rate tests for the whole suction range. Deviator stress and 
suction change during the shearing present different behaviours for different suction conditions. The 
reason for this is that the shearing test is carried out at a constant moisture content and the suction 
changes due to the volume change of the soil during the shearing. Furthermore, for different shearing 
rates, the speed of water penetration from one void to another during the shearing does not occur 
instantly for the unsaturated soil test. 
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Figure 71 Strain vs suction of the unsaturated Glenroy silt with different strain rates for s=100 kPa 
 
Figure 72 Strain vs suction of the unsaturated Glenroy silt with different strain rates for s=200 kPa 
 
Figure 73 Strain vs suction of the unsaturated Glenroy silt with different strain rates for s=300 kPa 
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5.5.5 Volume change behaviour for unsaturated samples under different strain rates for normally 
consolidated silt 
 
The volumetric strain for unsaturated samples with different initial suctions (100, 200 and 300kPa) 
and different strain rates (=0.1%/h, 1%/h and 10%/h) during the undrained triaxial tests are presented 
in Figure 74, Figure 75 and Figure 76 which show the test results of volume change difference.  
 
As shown in Figure 74, the samples show shear contraction behaviour. This general phenomenon 
has been observed for all samples with different initial suctions. Since the drainage valve for pore 
pressure is closed and the drainage valve for air pressure is open for the CW condition, therefore, the 
potential of the volume change for unsaturated soils is dependent on the quantity of pore air. For 
example, when strain rate equals 1%/h, the volume change for s=300kPa in Figure 76 is around 5% 
which is larger than the volume change 2.1% for s=100kPa in Figure 74 and the volume change 4% 
for s=200kPa in Figure 75. Moreover, similar results also appear when the strain rate equals 0.1%/h 
and 10%/h. Above all, the test results show that the higher suction specimen leads higher shrinkage 
behaviour for different strain rates, and this is similar compared with unsaturated CD tests for subbase 
course material, as is shown in (Zhang et al., 2014). Moreover, this behaviour follows the volume 
change decline law for an undrained test, in which the volume change equals zero when suction equals 
0 kPa ultimately. Therefore, the volumetric stains no matter if dilation or contraction, for the samples 
with a higher suction level behave more distinct than the samples with a lower suction level. In 
summary, the data points show that higher strain rate values lead to higher shrinkage behaviour of soil 
samples during shear, and this behaviour is applicable for different strain rates. 
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Figure 74 Axial strain vs volume strain of the unsaturated Glenroy silt with different strain rates for 
s=100 kPa 
 
Figure 75 Axial strain vs volume strain of the unsaturated Glenroy silt with different strain rates for 
s=200 kPa 
 
Figure 76 Volume strain vs Axial strain of the unsaturated Glenroy silt with different strain rates for 
s=300 kPa 
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5.5.6 Saturation change behaviour for unsaturated samples under OCRs for normally consolidated 
silt 
 
The saturation change for unsaturated samples with different initial suctions (100, 200 and 300kPa) 
and different strain rates (=0.1%/h, 1%/h and 10%/h) during the constant water content tests are 
presented in Figure 77, Figure 78 and Figure 79 which show that the degree of saturation varies during 
the shearing period.  
 
The saturation change for unsaturated samples is highly related to the volume change, or verse 
versa. For example, as shown in Figure 77, unsaturated soils with different strain rates with s=100kPa 
show an increase in degree of saturation because shear contraction is observed for normally 
consolidated unsaturated samples, while the higher strain rate has a lower degree of saturation, For 
example, the degree of saturation for CW-100-10 at failure point is around 95%, which is smaller than 
the 100% in Figure 77, where the only difference for tests in Figure 77 is the different strain rates. 
Moreover, similar behaviour is shown in Figure 78 and Figure 79. Figure 78 and Figure 79 show that 
the degree of saturation at failure for 10%/h is smaller than for 1%/h and 0.1%/h. Thus, the strain rate 
can also affects the saturation during shear, and when the unsaturated sample is taken into account in 
the experiments, this gives a degree of saturation reduction with a high strain rate value. The reason 
for this behaviour is that there is a suction change during the shearing which leads to a suction history 
effect, which is possibly maybe the reason why degree of saturation at failure for 10%/h is smaller 
than for 0.1%/h and 1%/h.  
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Figure 77 Axial strain vs of the unsaturated Glenroy silt with different strain rates for s=100 kPa 
 
 
Figure 78 Axial strain vs Sr of the unsaturated Glenroy silt with different strain rates for s=200 kPa 
 
 
Figure 79 Axial strain vs Sr of the unsaturated Glenroy silt with different strain rates for s=300 kPa 
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5.5.7 Discussions 
5.5.7.1 Peak deviator stress under strain rates for normally consolidated silt 
 
Figure 80 gives the deviator stress with different strain rates, for saturated samples, when the maximum 
deviator stress increases from 256kPa for 0.1%/h to 334kPa, and for 10%/h, the increase amount is 
about 78kPa. For unsaturated samples, the maximum deviator stress also increase with the strain rate 
at the same suction levels. For example, when initial s=100kPa, the value of maximum deviator stress 
increases from 872kPa for 0.1%/h to 1030kPa, and for 10%/h the increase amount is about 158kPa. 
Similarly, the increase amount for initial s=200kPa is about 122kPa, and the increase amount for initial 
s=300kPa is about 80kPa which is similar to that of saturated samples. From the data shown in Figure 
80, it is indicated that the strain rate effect on deviator stress is decreasing initial suction values for 
unsaturated soil, and the maximum deviator stress decreases from 158kPa (initial suction equals 
100kPa). to 80kPa(initial suction equals to 300kPa). In summary, the deviator stress increases with 
increasing strain rate for all suction levels. However, the strain rate effect on deviator stress decreases 
with initial suction for unsaturated soil under CW conditions.  
 
Figure 80 Strain rate vs peak deviator stress for different strain rates for different initial suctions 
 
5.5.7.2 Suction at failure under strain rates for normally consolidated silt 
 
The relationships between the suction at failure (sf) and the strain rates for different initial suctions are 
presented in Figure 81.  The negative pore water pressure for saturated samples can be equivalent to 
the suction for unsaturated samples. As shown in Figure 81, the suction (negative pore water pressure) 
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at failure (sf) increases significantly along with the increase in strain rate when s = 0 kPa. For 
unsaturated soils (s = 100~300kPa), the value of sf is also slightly increased with increased strain rate.  
 
Figure 81 Strain rate vs suction at failure for different strain rates for different initial suctions 
 
5.5.7.3 Volume strain at failure under strain rates for normally consolidated silt 
 
The relationships between the volumetric strain at failure (vf) and the strain rates for different initial 
suctions are presented in Figure 82.  As shown in Figure 82, the volumetric strain for saturated 
samples is always equal to zero. For unsaturated samples, the volumetric strain is increasing with the 
increase in strain rate for all suction levels. Moreover, for the same strain rate level, the volumetric 
strain is decreased with increased suction.  
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 Figure 82 Strain rate vs volume strain at failure for different strain rates for different initial suctions 
 
5.5.7.4 Degree of saturation at failure under strain rates for normally consolidated silt 
 
The relationships between the degree of saturation at failure (Srf) and the strain rates for different 
suctions are presented in Figure 83. For saturated samples, the degree of saturation at failure state 
remains constant (Srf = 1). For unsaturated samples, the degree of saturation at failure state nonlinearly 
decreases along with the increase in strain rate at the same initial suction levels. For example, when 
suction is equal to 100kPa, the value of Srf decreases from 99.8% to about 97% if strain rate increase 
from 0.1%/h to 10%/h. This mainly can be attributed to the volume change at failure that becomes 
smaller along with the increase in strain rates. In addition, for the same strain rate, the effect of suction 
on the value of Srf becomes more significant for the same suction range. For example, when strain 
rate=1%/h, the range of Srf is between 100% and about 70% for an initial suction range from 0 to 
300kPa. For the same initial suction range (0~300kPa), the range of Srf becomes between 100% and 
about 65% when strain rate =10%/h. In summary, the degree of saturation at failure decreases with 
different strain rates, and the strain rate effect on degree of saturation at failure increase with the initial 
suction levels.   
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Figure 83 Strain rate vs degree of saturation at failure for different strain rates for different initial 
suctions 
 
5.6 Testing results for different strain rate effects for overconsolidated unsaturated reconstitute 
Glenroy silt 
 
In this section, a series of CW tests with different strain rates under different OCRs have been carried 
out, and the mechanical properties of unsaturated weak expansive silt studied. The measured stress-
strain behaviour( 𝑞  versus 𝜀ଵ ), volume change behaviour( 𝜀୴  versus 𝜀ଵ ), saturation change 
behaviour(𝑆୰ versus 𝜀ଵ), and suction-strain behaviour(𝑠 versus 𝜀ଵ) for the Glenroy silt at different 
suctions and strain rates during the undrained triaxial shearing are presented in this section. For the 
data analysis here, both Bishop’s effective stress (i.e., 𝑝ᇱ = 𝑝 + 𝑆୰𝑠) and net stress (𝑝) are adopted for 
unsaturated samples. For saturated samples, Terzaghi’s effective stress (i.e.,𝑝ᇱ = 𝑝 − 𝑢,𝑢 = −𝑠) is 
adopted here. The summary details are presented in Table 15, Table 16 and Table 17. 
 
Table 16 Summary of testing results of different strain rates for unsaturated reconstitute Glenroy silt 
under over consolidated conditions during shearing(OCR=4) 
 Initial s=0 kPa Initial s=100 kPa 
OCR 4 4 4  4 4 4  
ε(%/h) 0.1 1 10 0.1 1 10 
’0 (kPa) 100 100 100 100 100 100 
Srf (%) 100 100 100 84 78 76 
ef (-) 0.56 0.56 0.56 0.546 0.561 0.588 
qmax(kPa) 246.47 308.84 340.94 340.76 380.77 416 
sf(kPa) -26.87 -11.8 19.12 18.85 29.49 27.43 
 
 Initial s=200 kPa Initial s=300 kPa 
OCR 4 4 4  4 4 4  
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ε(%/h) 0.1 1 10 0.1 1 10 
’0 (kPa) 100 100 100 100 100 100 
Srf (%) 56 59 60 46 50 46 
ef (-) 0.586 0.5662 0.5560 0.614 0.557 0.576 
qmax(kPa) 418.11 453.66 469.34 457.04 530.01 587.48 
sf(kPa) 61.09 95.88 80.47 124.71 180.89 98.89 
 
 
Table 17 Summary of testing results of different strain rates for unsaturated reconstitute Glenroy silt 
under over consolidated conditions during shearing(OCR=8) 
 Initial s=0 kPa Initial s=100 kPa 
OCR 8 8 8  8 8 8  
ε(%/h) 0.1 1 10 0.1 1 10 
’0 (kPa) 50 50 50 50 50 50 
Srf (%) 100 100 100 75 77 70 
ef (-) 0.57 0.57 0.57 0.589 0.575 0.614 
qmax(kPa) 244 256 321 260.87 285.91 288 
sf(kPa) 35.08 37.61 69.71 46.09 41.36 26.03 
 
 Initial s=200 kPa Initial s=300 kPa 
OCR 8 8 8  8 8 8  
ε(%/h) 0.1 1 10 0.1 1 10 
’0 (kPa) 50 50 50 50 50 50 
Srf (%) 58 54 55 40 41 40 
ef (-) 0.567 0.594 0.584 0.622 0.61 0.623 
qmax(kPa) 304.55 347.03 400.89 361.739 340.15 436.522 
sf(kPa) 66.8 114.32 109.63 112.39 212.456 246.12 
 
5.6.1 Saturated samples under different strain rates for over consolidated silt 
 
The saturated Glenroy silt with different strain rates was tested and employed to benchmark the 
fundamental mechanical behaviour of the Glenroy silt. The measured stress-strain behaviour( 𝑞 
versus 𝜀ଵ), and pore water pressure behaviour(𝑢 versus 𝜀ଵ) for OCR=4 and 8, are presented in Figure 
84 and Figure 85.  
 111 
 
 
Figure 84 qvs Axial strain for different strain rates of saturated samples under OCR=4 
 
As shown in Figure 84, the 𝑞 ~ 𝜀ଵ curves for different strain rates under OCR=4 also separate 
into three different lines, which indicate similar behaviour in the relationship between the deviator 
stress and the axial strain ε1 for the saturated samples. As the axial strain increase, the deviator stress 
increases. When the maximum deviator stress has been reached at an axial strain of 3% to 5%, a smooth 
behaviour is observed. The deviator stress at failure is 246kPa, 308kPa, 340kPa for strain rates of 
0.1%/h, 1%/h and 10%/h, respectively. It is clear that the deviator stress is increased with strain rates 
under OCR=4.  
 
 
Figure 85 qvs Axial strain for different strain rates of saturated samples under OCR=8 
As shown in Figure 85, the 𝑞 ~ 𝜀ଵ curves for different strain rates under OCR=8 also clearly 
separate into three different lines, which indicate the relationship between the deviator stress and the 
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axial strain ε1 for the saturated samples. As the axial strain increase, the deviator stress increase . When 
the maximum deviator stress has been reached at an axial strain of 3% to 5%, a smooth behaviouris 
observed. The deviator stress at failure is 244kPa, 256kPa, 321kPa for strain rate 0.1%/h, 1%/h and 
10%/h respectively. It is clear that the deviator stress at failure is increased with strain rates under 
OCR=8.  
 
 
Figure 86 Axial strain vs q  for different strain rates of saturated samples under OCR=4 
 
In Figure 86, the pore pressure and the axial strain show different behaviours for OCR=4, 
presenting the development of pore water pressure for samples with different strain rates during 
shearing. For the samples with strain rate of 0.1%/h, a positive pore water pressure at failure of about 
27kPa was developed during undrained shearing. For the samples with strain rate 1%/h sample, a 
positive pore water pressure at failure of about 12kPa was produced during the test. For the highest 
strain rate 10%/h sample, a negative pore water pressure at failure of about -19kPa was produced 
during the test. It is clear that the pore pressure at failure is decrease with increased strain rates for the 
saturated undrained test for OCR=4.  
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Figure 87 qvs axial strain for different strain rates of saturated samples under OCR=8 
In Figure 87, the pore pressure and the axial strain show different behaviour for OCR=8, 
presenting the development of pore water pressure for samples with different strain rates during 
shearing. For the higher strain rate 10%/h sample, a negative pore water pressure of about -69kPa was 
developed during undrained shearing. For the middle strain rate 1%/h sample, a negative pore water 
pressure of about -37kPa was produced during the test. For the lower strain rate 0.1%/h sample, a 
negative pore water pressure of about -35.8kPa was produced during the test. It is clear that the pore 
pressure at failure decreases with strain rates for the saturated undrained test for OCR=8.  
 
5.6.2 Stress-strain behaviour of unsaturated samples under different strain rates for over consolidated 
conditions 
 
The stress-strain behaviour for unsaturated samples with different suctions (100, 200 and 300kPa) and 
different strain rates (=0.1%/h, 1%/h and 10%/h) under different OCRs (=1,4,8) are presented in Figure 
88-Figure 93 (in the space of 𝑞 versus 𝜀ଵ).  
 
The measured relationships for the deviator stress versus the axial strain for unsaturated Glenroy 
silt with different strain rates and different initial suctions (s=100 kPa, s=200 kPa and s=300 kPa) for 
OCR=4 are presented in Figure 88, Figure 89 and Figure 90. In these figures, at the same suction level, 
the stress-strain curves are related to the different strain rates. When s=100 kPa, the maximum deviator 
stress is 340kPa, 380kPa, and 416kPa for strain rates of 0.1%/h, 1%/h and 10%/h respectively in Figure 
88. When s=200 kPa, the maximum deviator stress is 418kPa, 453kPa, and 469kPa for strain rates of  
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0.1%/h, 1%/h and 10%/h, respectively, shown in Figure 89. When s=300 kPa, the maximum deviator 
stress is 457kPa, 530kPa, and 587kPa for strain rates of 0.1%/h, 1%/h and 10%/h respectively in Figure 
90. It is clear that the maximum deviator stress is increased with strain rates for the unsaturated CW 
tests for OCR=4.  
 
 
Figure 88 qvs axial strain for different strain rates of unsaturated samples under OCR=4(s=100kPa) 
 
Figure 89 qvs axial strain for different strain rates of unsaturated samples under OCR=4(s=200kPa) 
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Figure 90 qvs axial strain for different strain rates of unsaturated samples under OCR=4(s=300kPa) 
 
The measured relationships for the deviator stress versus the axial strain for unsaturated Glenroy 
silt with different strain rates and different initial suctions (s=100 kPa, s=200 kPa and s=300 kPa) for 
OCR=8 are presented in Figure 91, Figure 92 and Figure 93. In these figures, at the same suction level, 
the stress-strain curves are related to the different strain rates. When s=100 kPa, the maximum deviator 
stress is 260kPa, 286kPa, and 288kPa for strain rates of0.1%/h, 1%/h and 10%/h respectively in Figure 
91. When s=200 kPa, the maximum deviator stress is 304kPa, 347kPa, and 400kPa for strain rates of 
0.1%/h, 1%/h and 10%/h, respectively, shown in Figure 92. When s=300kPa, the maximum deviator 
stress is 361kPa, 340kPa, and 436kPa for strain rates of 0.1%/h, 1%/h and 10%/h respectively, shown 
in Figure 93. It is clear that the maximum deviator stress is increased with increased strain rates for 
unsaturated CW tests for the OCR=8.  
 
Figure 91 qvs axial strain for different strain rates of unsaturated samples under OCR=8(s=100kPa) 
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Figure 92 qvs axial strain for different strain rates of unsaturated samples under OCR=8(s=200kPa) 
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Figure 93 qvs axial strain for different strain rates of unsaturated samples under OCR=8(s=300kPa) 
 
5.6.3 Suction-strain behaviour of unsaturated samples under different strain rates for over 
consolidated conditions 
 
The suction variations for unsaturated samples with different initial suctions (100, 200 and 300kPa) 
and different strain rates (=0.1%/h, 1%/h and 10%/h) during the undrained triaxial tests under strain 
(OCR= 4 and 8) are presented in Figure 94-Figure 99.  
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 As shown in Figure 94, Figure 95 and Figure 96, the decrease in suction was observed for 
unsaturated samples for all three strain rates under OCR=4 . For the larger strain rate 10%/h sample in 
Figure 96 , the decrease amount is smaller than for the other two strain rates (0.1%/h and 1%/h) which 
is shown in Figure 94 and Figure 95 . In general, we observed a decrease in suction for all the samples. 
Since the air pressure remains constant for all the tests in each figure, the decrease in suction implies 
an increase in the pore water pressure. The observed data indicate that the suction at failure for 10%/h 
is larger than the suction at failure 1%/h and the suction at failure 0.1%/h. which also indicates that the 
decrease during the shearing for the higher strain rate is lower than that for lower strain rate tests for 
the whole suction range under OCR=4.  
 
Figure 94 Strain vs suction for unsaturated samples of OCR=4 under strain rate 0.1%/h 
 
 
Figure 95 Strain vs suction for unsaturated samples of OCR=4 under strain rate 1%/h 
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Figure 96 Strain vs suction for unsaturated samples of OCR=4 under strain rate 10%/h 
 
 As shown in Figure 97, Figure 98 and Figure 99. the decrease in suction was observed for 
unsaturated samples for all three strain rates under OCR=8. For the larger strain rate 10%/h sample in 
Figure 99 , the decrease amount is smaller than for the other two strain rates (0.1%/h and 1%/h) which 
shown in Figure 97 and Figure 98. In general, we observed a decrease of suction for all the samples. 
Since the air pressure remians constant for all the tests in each figure, the decrease in suction implies 
an increase in the pore water pressure. The observed data indicate that the suction at failure for 10%/h 
is larger than the suction at failure 1%/h and the suction at failure 0.1%/h. which also indicates that the 
decrease during the shearing for the higher strain rate is lower than that for lower strain rate tests for 
the whole suction range under OCR=8.  
 
Figure 97 Strain vs suction for unsaturated samples of OCR=8 under strain rate 0.1%/h 
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Figure 98 Strain vs suction for unsaturated samples of OCR=8 under strain rate 1%/h 
 
Figure 99 Strain vs suction for unsaturated samples of OCR=8 under strain rate 10%/h 
 
5.6.4 Stress path of unsaturated samples under strain rates for over consolidated conditions 
 
The stress path for shearing is drawn on the stress path plane in Figure 100-Figure 107. The suction 
before shearing is 0 kPa, 100 kPa, 200 kPa, and 300 kPa, and strain rates are 0.1%/h, 1%/h and 10%/h 
respectively under OCR=4, 8. 
 
Figure 100, Figure 101, Figure 102 and Figure 103 also shows similar behaviours, which means 
that, for OCR=4, the deviator stress is increased with increased suction levels and it increases with 
increased strain rates for OCR=4. Figure 100 presents the stress path CW tests with initial suction 
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0kPa. The data are based on the deviator stress 𝑞 and the effective stress 𝑝′. The graph clearly shows 
the best fit of the failure envelope of this test, which also produces M = 1.3. These results are used to 
emphasize the importance of considering the stress path, especially when there may be large strain rate 
differences. Figure 101 shows that the peak deviator stress is decreasing with increased strain rates. 
Figure 102 and Figure 103 also show similar behaviours, compared with Figure 100-Figure 101, 
furthermore, the deviator stress is increased with increased suction for all strain rate conditions for 
OCR=4.   
 
 
Figure 100 qvs p  for saturated samples of OCR=4 under different strain rates  
 
Figure 101 qvs p  for unsaturated samples of OCR=4 under different strain rates (s=100 kPa) 
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Figure 102 qvs p  for unsaturated samples of OCR=4 under different strain rates (s=200 kPa) 
 
 
Figure 103 qvs p  for unsaturated samples of OCR=4 under different strain rates (s=300 kPa) 
 
Figure 104, Figure 105, Figure 106 and Figure 107 also shows similar behaviour compare with 
Figure 100-Figure 103, which means that for OCR=8, the deviator stress is increase with increased 
suction levels and it increases with increased strain rates for OCR=8. Figure 104 presents the stress 
path CW tests with initial suction 0kPa. The data are based on the deviator stress 𝑞 and the effective 
stress 𝑝′. The graph clearly shows the best fit of the failure envelope of this test, which also produces 
M = 1.3. These results are used to emphasize the importance of considering the stress path, especially 
when there may be large strain rate differences. Figure 105 presents the stress path CW tests with 
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initial suction 100kPa which shows that the peak deviator stress is decreasing with increased strain 
rates. Figure 106 and Figure 107 also show similar behaviours compare with Figure 104-Figure 105 , 
furthermore, the deviator stress is increased with increase suction for all strain rate conditions for 
OCR=8.  
 
 
Figure 104 qvs p  for saturated samples of OCR=8 under different strain rates  
 
Figure 105 qvs p  for unsaturated samples of OCR=8 under different strain rates (s=100 kPa) 
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Figure 106 qvs p  for unsaturated samples of OCR=8 under different strain rates (s=200 kPa) 
 
 
Figure 107 qvs p  for unsaturated samples of OCR=8 under different strain rates (s=300 kPa) 
 
5.6.5 Volume change behaviour of unsaturated samples under different strain rates for over 
consolidated condition 
 
Figure 108-Figure 113 show the results of a constant water content tests for void ratio behaviours 
under different strain rates and OCR effects and under different suctions (s=100, 200, 300kPa).  
 
As shown in Figure 108, Figure 109 and Figure 110 , the samples show shear expansion behaviour. 
This phenomenon has been observed rate dependent behaviour in general, has been shown for all 
samples with different initial suctions(s=100, 200, 300kPa) for OCR=4. Since the drainage valve for 
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pore pressure is closed and the drainage valve for air pressure is open for the CW condition, thus, the 
potential of the volume change for unsaturated soils is dependent on the quantity of pore air.  If the 
quantity of pore air is equal to zero, the potential of volume change is equal to zero, while if the quantity 
of pore water is equal to zero, there is not cap on the volume change, which is identical to the fully 
drained conditions. For example, when strain rate equals 0.1%/h, the void ratio for s=300kPa shown 
in Figure 110, is around 0.58, which is larger than the void ratio 0.54 for s=100kPa in Figure 108 and 
the void ratio 0.57 for s=200kPa in Figure 109. Moreover, similar results also appear when the strain 
rate equals 0.1%/h and 10%/h when OCR=4. The void ratio difference for different strain rates under 
OCR=4 is 0.04 when s=100kPa, compared with 0.03 for s=200kPa and 0.002 for s=300kPa. In 
summary, the volumetric stain, regardless whether for if dilation or contraction, for the samples with 
a higher suction level, show more significant behaviours than the samples with a lower suction level, 
but the strain rate effect on volume change is decreased with suction levels for OCR=4.  
 
 
Figure 108 Axial strain vs void ratio for unsaturated samples of OCR=4 under different strain rates 
(s=100 kPa) 
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Figure 109 Axial strain vs void ratio for unsaturated samples of OCR=4 under different strain rates 
(s=200 kPa) 
 
Figure 110 Deviator stress vs Axial strain for unsaturated samples of OCR=4 under different strain 
rates (s=300 kPa) 
 
As shown in Figure 111, Figure 112 and Figure 113, the samples show shear expansion behaviour. 
This general phenomenon has been observed in rate dependent behaviour for all samples with different 
initial suctions(s=100, 200, 300kPa) for OCR=8. Since the drainage valve for pore pressure is closed 
and the drainage valve for air pressure is open for the CW condition, thus, the potential of the volume 
change for unsaturated soils is dependent on the quantity of pore air.  If the quantity of pore air is 
equal to zero, the potential of volume change is equal to zero, while if the quantity of pore water is 
equal to zero, there is not cap on the volume change, which is identical to the fully drained conditions. 
For example, when strain rate equals 0.1%/h, the void ratio for s=300kPa, shown in Figure 113, is 
around 0.608, which is larger than the void ratio of 0.588 for s=100kPa in Figure 111 and the void 
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ratio 0.593 for s=200kPa in Figure 112. Moreover, similar results also appear when the strain rate 
equals 0.1%/h and 10%/h when OCR=8. The void ratio difference for different strain rate under 
OCR=8 is 0.0138 when s=100kPa, compared with 0.012 for s=200kPa and 0.001 for s=300kPa. In 
summary, the volumetric stains, regardless dilation or contraction, for the samples with a higher 
suction level show a more distinct increase than the samples with a lower suction level, but the strain 
rate effect on volume change is decreased with all suction levels for OCR=8.  
 
Figure 111 Axial strain vs void ratio for unsaturated samples of OCR=8 under different strain rates 
(s=100 kPa) 
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Figure 112 Axial strain vs void ratio for unsaturated samples of OCR=8 under different strain rates 
(s=200 kPa) 
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Figure 113 deviator stress vs Axial strain for unsaturated samples of OCR=8 under different strain 
rates (s=300 kPa) 
 
5.6.6 Degree of saturation behaviour of unsaturated samples under different strain rates for over 
consolidated condition 
 
The saturation change for unsaturated samples with different initial suctions (100, 200 and 300kPa) 
and different strain rates (=0.1%/h, 1%/h and 10%/h) under different OCRs (=4, 8) during the constant 
water content tests are presented in Figure 114-Figure 119 which show that the degree of saturation 
varies during the shearing period.  
 
Figure 114, Figure 115 and Figure 116 show that the degree of saturation varies during the shearing 
period for OCR=4. Figure 114 shows that the degree of saturation decreases with a stable suction range 
when the sample reaches equilibrium in the case of OCR = 4, and it shows Sr is decreasing during the 
shearing period, while the higher strain rate leads a lower degree of saturation. For example, the degree 
of saturation for CW-100-4-10 at failure point is around 76% which is smaller than CW-100-4-0.1 85% 
in Figure 114. Moreover, similar behaviour happens in Figure 115 and Figure 116. Figure 115 and 
Figure 116 show that the degree of saturation at failure for 10%/h is smaller than the degree of 
saturation for 10%/h in Figure 114.  
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Figure 114 Axial strain vs Sr for unsaturated samples of OCR=4 under different strain rates (s=100 
kPa) 
 
Figure 115 Axial strain vs for unsaturated samples of OCR=4 under different strain rates (s=200 kPa) 
 
Figure 116 Deviator stress vs Sr for unsaturated samples of OCR=4 under different strain rates 
(s=300 kPa) 
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Figure 117, Figure 118 and Figure 119 also show that the degree of saturation varies during the 
shearing period for OCR=8. Figure 117, shows that the degree of saturation decrease with a stable 
suction range when the sample reaches equilibrium in the case of OCR = 8, and it shows that Sr is 
decreasing during the shearing period, while the higher strain rate leads a lower degree of saturation. 
For example, the degree of saturation for CW-100-8-10 at failure point is around 70% which is smaller 
than CW-100-8-0.1 74% in Figure 114. Moreover, similar behaviour happens in Figure 118 and Figure 
119. Figure 118 and Figure 119 show that the degree of saturation at failure for 10%/h is smaller the 
degree of saturation for 10%/h in Figure 117.  
 
 
Figure 117 Axial strain vs Sr for unsaturated samples of OCR=8 under different strain rates (s=100 
kPa) 
 
Figure 118 Axial strain vs Sr for unsaturated samples of OCR=8 under different strain rates (s=200 
kPa) 
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Figure 119 Axial strain vs Sr for unsaturated samples of OCR=8 under different strain rates (s=300 
kPa) 
  
5.6.7 Discussions 
 
5.6.7.1 Peak deviator stress under strain rates for over consolidated silt 
 
Figure 120 and Figure 121, show the peak deviator stress ratio with different OCRs and strain rates, 
the peak deviator stress increases with increasing OCR for all suction levels and also it increase with 
different strain rates for all OCRs.  
 
In Figure 120, for saturated samples where OCR=4, the maximum deviator stress increases from 
246kPa for 0.1%/h to 340kPa for 10%/h, the increase amount being about 96kPa. For unsaturated 
samples, the maximum deviator stress also increases with the increased strain rates at the same suction 
levels. For example, when initial s=100kPa, the value of maximum deviator stress increases from 
340kPa for 0.1%/h to 416kPa for 10%/h, with the increase amount is being about 76kPa. Similarly, 
the increase amount for initial s=200kPa is about 51kPa. From the data shown in Figure 80, it is 
indicated that the strain rate effect on deviator stress decrease with initial suction values for unsaturated 
soil. In summary, the deviator stress increases with increasing strain rate for all suction levels. But the 
strain rates effect on deviator stress decreases with initial suction for unsaturated soil under CW 
conditions for OCR=4.  
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Figure 120 Strain rate vs peak deviator stress for OCR=4   
 
In Figure 121, for saturated samples at OCR=8, the maximum deviator stress increases from 
244kPa for 0.1%/h to 321kPa for 10%/h, with the increase amount is being about 57kPa. For 
unsaturated samples, the maximum deviator stress also increases with the increased strain rates at the 
same suction levels. For example, when initial s=100kPa, the value of maximum deviator stress 
increase from 260kPa for 0.1%/h to 288kPa for 10%/h, with the increase amount is being about 28Pa. 
Similarly, the increase amount for initial s=200kPa is about 56kPa, and the increase amount for initial 
s=300kPa is about 75kPa. From the data shown in Figure 121, it is shown that the strain rate effect on 
deviator stress is decreasing with higher OCRs.  
 
Figure 121 Strain rate vs peak deviator stress for OCR=8   
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5.6.7.2 Suction at failure under strain rates for over consolidated silt 
 
Figure 122 and Figure 123 show the suction at failure with different OCRs and different strain rates. 
The relationships between the suction at failure (sf) and the strain rates for different initial suctions for 
OCR=4 are presented in Figure 122. The negative pore water pressure for saturated samples can be 
equivalent to the suction for unsaturated samples. As shown in Figure 122, the suction (negative pore 
water pressure) at failure (sf) increases distinctly along with the increase in strain rates when s = 0 kPa. 
For unsaturated soils (s = 200~300kPa), the value of sf is also slightly increased with increased strain 
rates. For s = 300kPa, the value of sf is also slightly increased with strain rates firstly, and then 
decreased. This means that initial suction levels will affect the strain rate effect for OCR=4. 
 
Figure 122 Strain rates vs suction at failure for OCR=4 
 
 The relationships between the suction at failure (sf) and the strain rates for different initial 
suctions for OCR=8 are presented in Figure 123. The negative pore water pressure for saturated 
samples can be equivalent to the suction for unsaturated samples. As shown in Figure 123, the suction 
(negative pore water pressure) at failure (sf) decreases significantly along with the increase in strain 
rates when s = 0 kPa and s=100kPa but for s = 200~300kPa, the value of sf is also slightly increased 
with strain rates. Which means that initial suction levels will affect the strain rate effect for OCR=8.  
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Figure 123 Strain rates vs suction at failure for OCR=8 
 
5.6.7.3 Degree of saturation at failure under strain rates for over consolidated silt 
 
Figure 124, and Figure 125 show the degree of saturation at failure with different OCRs under different 
strain rates: the void ratio at failure decreases with increasing OCR for all suction levels; and it 
decreases with increased strain rates. The reason for these results is due not only to shrinkage and 
strain hardening/softening behaviour, shear expansion happens when OCR>1, but also to the strain 
rates also influencing the inner structure of the unsaturated silt. Fully expansive soil becomes very stiff, 
with peak intensity and strong shear. Thus, the characteristics of the stress-strain curve, such as peak 
intensity, softening and shear expansion, are changing when OCR increases. 
 
The relationships between the degree of saturation at failure (Srf) and the strain rate for different 
suctions for OCR=4 are presented in Figure 124. For saturated samples, the degree of saturation at 
failure state remains constant (Srf = 1). For unsaturated samples, the degree of saturation at failure state 
nonlinearly decreases along with the increase in strain rate at the same initial suction levels. For 
example, when suction is equal to 100kPa, the value of Srf decreases from 84% to about 76% if strain 
rate increases from 0.1%/h to 10%/h. This mainly can be attributed to the volume change at failure 
which becomes smaller along with the increase in strain rate. In addition, for the same strain rate, the 
effect of suction on the value of Srf becomes more distinct for the same suction range.  For example, 
when the strain rate=1%/h, the range of Srf is between 100% and about 50% for an initial suction range 
from 0 to 300kPa. For the same initial suction range (0~300kPa), the range of Srf becomes between 
100% and about 46% when strain rate =10%/h.  
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 Figure 124 Strain rates vs degree of saturation at failure for OCR=4 
 
The relationships between the degree of saturation at failure (Srf) and the strain rates for different 
suctions for OCR=8 are presented in Figure 125. For saturated samples, the degree of saturation at 
failure state remains constant (Srf = 1). For unsaturated samples, the degree of saturation at failure state 
nonlinearly decrease along with the increase in strain rate at the same initial suction levels. For example, 
when suction is equal to 100kPa, the value of Srf decreases from 75% to about 70% if strain rate 
increase from 0.1%/h to 10%/h. This mainly can be attributed to the volume change at failure which 
becomes smaller along with the increase in strain rate. In addition, for the same strain rate, the effect 
of suction on the value of Srf becomes more distinct for the same suction range.  For example, when 
the strain rate=1%/h, the range of Srf is between 100% and about 41% for an initial suction range from 
0 to 300kPa. For the same initial suction range (0~300kPa), the range of Srf becomes between 100% 
and about 40% when strain rate =10%/h for OCR=8.  
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 Figure 125 Strain rates vs degree of saturation at failure for OCR=8 
 
5.7 Summary 
 
In this chapter, a series of tests was conducted to investigate the effects of strain rate and OCR on the 
undrained shear strength of Glenroy silt. Liquid limit tests and Plastic limit tests, Isotropic consolidated 
undrained triaxial shearing tests, and triaxial tests were performed at three different axial strain rates 
under constant suction at different OCRs. The effects of strain rate on undrained shear strength, pore 
pressure response, degree of saturation response, and the deviator stress at failure q୤ at a strain rate 
with reference to q୤ at a reference strain rate in different approaches, were examined. The influence 
of OCR on the strain rate effects and the soil behaviour is also discussed. From those tests, the 
following conclusion may be drawn. 
 
(1) The deviator stress increase with increased suction, and the peak deviator stress decrease with 
increased strain rates. Higher suctions result in higher shear strength for all suctions in CW conditions. 
The suction plays a role in the shear resistance between gain contact points under unsaturated 
conditions.  
 
(2) The test results show that the higher suction specimen leads to higher shrinkage behaviour. 
Furthermore, this behaviour follows the volume change declination law for the undrained test, in which 
the volume change ultimately equals zero when suction ultimately equals 0 kPa (CU test). 
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(3) The deviator stress is increased with increased suction values, and the peak deviator stress is 
decrease with increased OCR. Higher suctions result in higher shear strength for all suctions in CW 
conditions. 
 
(4) The suction change during the shearing for higher initial suction values is lower than that for 
lower initial suction value tests. However, there is no significant difference between different stress 
histories. In this case, the shearing rate may affect this behaviour and this behaviour will be discussed 
in further research. 
 
(5) The stress history can affect the saturation change during shearing. For all tests in OCR=1, the 
shear leads to an increase in saturation, and it shows a degree of saturation reduction with a higher 
OCR value (OCR = 2, 4, 8). 
 
(6) Higher OCR results in higher soil sample volume change during the shearing for unsaturated 
soils in CW conditions. When OCR = 1, all samples of constant water content during shear show a 
shrinkage behaviour and this shrinkage behaviour increases with increased suction in CW tests. 
Furthermore, when OCR>1, it exhibits an expansion behaviour and the expansion behaviour increases 
with increased OCR and it also increase with increased suction levels. 
 
(7) The shearing rate may affect hydro-mechanical behaviour during the shearing. The peak deviator 
stress increases with increasing strain rates, but suction decreases as the strain rate increases. The 
reason for this is that the shearing test is carried out at a constant moisture content, and the suction 
changes due to the volume change of the soil during the shearing.  
 
(8) Furthermore, for different shearing rates, the speed of water penetration from one void to another 
during the shearing does not occur instantly for the unsaturated soil test. In this case, the water pressure 
transfer from one void to another also follows this flow rule, which leads to the suction change 
decreasing when the shearing rate increases for OCR=1.  
 
(9) The deviator stress increases with increasing strain rate for all suction levels. But the strain rates 
effect on deviator stress decreases with initial suction for unsaturated soil under CW conditions for 
OCR>1. 
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(10) The suction (negative pore water pressure) at failure (sf) increases distinctly along with the 
increase in strain rates when s = 0 kPa. For unsaturated soils (s = 200~300kPa), the value of sf is also 
slightly increased with increased strain rates. For s = 300kPa, the value of sf is also slightly increased 
with strain rates firstly, and then decreased. This means that initial suction levels will affect the strain 
rate effect for OCR=4 and OCR=8. 
 
 
(11) The shearing rate can also affect the saturation change during shear; and when the unsaturated 
sample is taken into account in the experiments it shows a degree of saturation reduction with a high 
strain rate value for OCR=1. 
 
(12) For saturated samples, the degree of saturation at failure state remains constant (Srf = 1). For 
unsaturated samples, the degree of saturation at failure state nonlinearly decrease along with the 
increase in strain rate at the same initial suction levels 
Equation Chapter 6 Section 1 
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CHAPTER 6: CONSTITUTIVE MODEL &ITS VALIDATION 
 
 
6.1 Introduction 
 
In this chapter, by expanding the previous model presented in Chapter 6, an enhanced EVP model for 
unsaturated soil is presented. Then, the calibration method and the effect of each hydraulic parameter 
on the enhanced hydraulic model are also discussed. The calibration of the additional mechanical 
parameter is presented and the parametric study on the additional mechanical parameter performed in 
constant water (CW) scenarios. Then the constitutive relationship is established in the space of { p , 
q, and s} and the space of { p , q, s, and t}. Experimental results presented in Chapter 5 are employed 
to validate the proposed constitutive model. 
 
6.2 Constitutive equations 
 
It is difficult to construct a mechanical model that can combine both strain rate and OCR effects for 
unsaturated soils. A general way for unsaturated soil modelling is to achieve this by two steps: (1) 
construct an effective stress variable and volume change variable that can govern for unsaturated soils 
behaviours; and (2) develop a model of strain rate relations and OCR relations for unsaturated soils 
using the defined variables together. 
 
6.2.1 Effective stress 
 
In this model, considering the constitutive modelling of saturated/unsaturated soils, especially hydro-
mechanical interaction between saturated and unsaturated states, the stress–saturation approach is used 
in this research. The effective degree of saturation ( eS ) and Bishop’s effective stress ( ij ) are chosen 
as the basic constitutive variables here. The effective stress equation for the shear strength of 
unsaturated soil is suggested by Zhou et al. (2016), highlighting the shear strength under a given 
suction, as follows, 
 ij ij e ijS s      (6.1) 
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where ij is the net stress, eS is the effective degree of saturation, and s is the matric suction. In the 
space of deviator stress (q) and effective stress (p′), the shear strength expression of unsaturated soil is 
as follows, 
 q M p  . (6.2) 
The experimental validation for equations (6.1) and (6.2) on predicting unsaturated soil strength can 
be found in Zhou et al. (2016). 
 
6.2.2 Hydraulic model considering hysteresis and mechanical shift 
 
Recent research by Zhou and Sheng (2015a) has indicated that the hydraulic behaviour of unsaturated 
soil is governed by the volumetric strain due to net stress as well as the suction. In this model, the 
effective degree of saturation ( eS ) is chosen as the basic constitutive variable here, and the effective 
degree of saturation change can be expressed by the following, 
e e
e v
v
S SdS ds d
s 


  
           (6.3) 
where e
v
S


  defines the effect of volumetric strain which is caused by net stress change and this term 
include hydraulic response. eS
s


 reflects the effect of suction response on the effective degree of 
saturation, and Zhou et al. (2012a) suggest that based on Van Genuchten (1980) for the wetting process 
it can be expressed as follows : 
1/ 1/
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     (6.4) 
For the drying process it can be expressed as follows: 
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where da , dm , dn , wa , wm , wn  and b are conventional fitting parameters. Equation (6.4) and equation 
(6.5) can express the hysteresis and mechanical shift behaviour for SWCC.  
 
e
v
S


 defines the effect of the mechanical component on hysteresis response, according to the 
liquid intrinsic constraints of volume change, Sheng (2011a)suggest the following expression: 
(1 )( )(1 ) 2ae e e
v
S S e S
e
  
         (6.6) 
where 2a is the hydro-mechanical interaction parameter that defines the variation of eS with the stress- 
related deformation, the predicted water retention curves can determine different values of the 
parameter 2a .  
 
6.2.3 Volume change equation based on time dependent relations 
 
Recent research (Sheng, 2011b, Zhou et al., 2012f) indicates that the degree of saturation or the 
effective degree of saturation can be used as an additional constitutive variable for modelling volume 
change behaviour. Realising that the degree of saturation contributes much more unsaturated soil’s 
mechanical behaviour than the degree of saturation does. Yao(2015) explain the relations between the 
void ratio and time dependent factors for saturated soil, which are shown in Figure 127. In this case, 
the normal compression lines (NCLs) of unsaturated soils based on the time dependent relations are 
proposed as follows.  
 1
0
ln ln 1tv N p
t
       
 
, (6.7) 
where p is the mean effective stress defined in equation(6.7), and 1  is the coefficient of the 
secondary consolidation, which can be obtained from the fitting curve in the e-ln(t/t0+1) plane which 
is shown in Figure 128, the details of which are in the parameter study in Section 7.2.3, v is the specific 
volume, and N is the intercept of the NCL with the v-axis when ln p′>0 and  is the elastoplastic 
compression index representing the slope of the NCL, which is assumed as a function of the effective 
degree of saturation. The following equation is proposed for plastic compressibility for unsaturated 
soil, 
 10 0 d( )(1 )
aS        , (6.8) 
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where 0 is the elastoplastic compression index for the fully saturated soil, and d is the elastoplastic 
compression index for when the soil contains zero capillary water (i.e. oven dired). Parameter 1a  can 
be determined in the volume change of drying curve, which is shown in Figure 126 . For the elastic 
response, the following equation is used. 
 
dd pv
p


 , (6.9) 
where is the elastic compression index representing the slope of the unloading and reloading line 
(URL). The equation is expressed as follows: 
 10 0 d( )(1 )
aS        , (6.10) 
where 0 is the elastoplastic compression index for the fully saturated soil, and d  is the elastoplastic 
compression index for when the soil contains zero capillary water (i.e., oven dried). For the clayey soil, 
the capillary water can only be fully removed by very high suction and the compressibility of the 
clayey soil at a very high suction is far less than its compressibility at the fully saturated state. 
Therefore, for simplicity, in the present study it is assume that d = d =0.01 to simplify equation (6.8) 
and (6.10) as follows, 
 
1
1
0 0
0 0
(1 )
(1 )
a
a
S
S
  
  
   
   
. (6.11) 
As a simplified equation, equation (6.11) is suitable for low suction and low net stress cases, high 
suction but low net stress cases, and high net stress and low suction cases. For the high suction and 
high net stress cases, the original equations should be employed to consider the compressibility of 
dried soils.  
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Figure 126 Drying test result of Glenroy silt and calibrations (data from sample S-2) 
 
The initial state point of reconstitute soil can be represented by point A on the INCL, which is 
shown in Figure 127. Within the delayed compression, the effective stress remains constant and the 
clay deformation only depends on time change. But within the instant compression, the pore pressure 
dissipation time is neglected, and clay skeleton is assumed as the only place where the total stress is 
imposed instantaneously. Moreover, the instant compression consists of an elastic part and a plastic 
part, as indicated by Kaliakin and Dafalias (1990). In this case, the total volumetric strain increment 
vd  is expressed as follows, 
e p t
v v v vd d d d             (6.12) 
where evd is the increment of elastic volumetric strain (the details will be shown in section 7.3.5), pvd
is the increment of plastic volumetric strain, Due to the time-dependent volumetric strain is irreversible 
t
vd  is the increment of time dependent volumetric strain. which means also can be treated as a plastic 
strain. 
 
 143 
 
0xp ln p
e
0p
B
A
0e
e
Instant 
compression
Delayed 
compression
0
EOPt
1EOPt t
2EOPt t
C
D
2 1 0t t 
E
 
Figure 127 Time lines 
 
For NC clays, the instant compression line is the same as the INCL. For overconsolidated clays, 
the instant compression line is the same as the reloading line of the time-independent UH model. 
According to (Zhu and Yin, 2000), the relationship of void ratio and time is expressed as: 
0
ln aa e
te e C
t
            (6.13) 
Where at  is the time with aging, 0t  is the reference time and ae  is the void ratio at at ; and eC
is the coefficient of the secondary consolidation which shows in Figure 128(a)., however, equation 
(6.13) cannot cover the condition when 0at  , Yao et al. (2014a) suggest: 
1
0
ln 1ate e
t
     
 
         (6.14) 
 0 1at t R            (6.15) 
Differentiating equation(6.14), the increment of the viscous volumetric strain tvd  can be achieved 
as: 
1
0 01
t
v
Rd dt
e t
 

         (6.16) 
Where e the void ratio for current effective stress; and 1 is the viscous parameter which 
representing the slope of the secondary compression curve. For simplicity, Parameter 1  can be 
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determined from the fitting curve which shows in Figure 128(b), the result is 0.001/h. It should be 
noticed that t0 is assumed to 1 min and the unit of 1 is -/min or -/h.  
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Figure 128 Data of consolidation test (data is from consolidation procedure of test 1) 
 
6.2.4 Loading collapse surface 
 
The plastic volumetric strain can be calculated through the NCL and the URL, according to equations 
(6.8) and(6.10), as 
 pv 1
0
ln ln 1tp
N t
        
 
. (6.17) 
Moreover, the plastic volumetric strain can also be calculated by the saturated yield stress (pc′) by the 
following equation, 
 p 0 0v c 1
0
ln ln 1tp
N t
        
 
. (6.18) 
Combining equations (6.17) and (6.18) which produces the yield surface or the loading collapse 
surface function in the isotropic stress states is: 
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   2cp p   . (6.19) 
Where
 
2
0
eS 
 



, cp  is the hardening law which shown in equation (6.24). Equation (6.19) is 
present loading collapse yield surface which described the relations between the equivalent yield 
surface and the yield stress. Moreover, this relationship is controlled by the unsaturated soil’s 
saturation level and the hydro-mechanical interaction parameter 1a . 
 
6.2.5 Unified hardening parameter  
 
In the new 3D EVP unsaturated model, the viscoplastic strain include stress-induced plastic strain and 
viscous strain. In this case, the viscoplastic UH parameter (H) is include the plastic UH parameter and 
the viscous UH parameter. H is related to fM as follows:  
     
4 4
4 4
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v v s t
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H d d H H
M
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 
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
   
        (6.20) 
Where M is the stress ratio at critical states; is the stress ratio which equals to q/p. The variation of 
Hs is UH parameter which is related to the stress changes and Ht is UH parameter which is related to 
the time change. pvd is the increment of plastic volumetric strain, tvd  is the increment of time 
dependent volumetric strain which also can be  expressed as a plastic strain. Moreover, Yao et al. 
(2009), Yao et al. (2014a) propose the potential failure stress ratio ( fM ) which can be used in this 
model. The fM is derived on the Hvorslev line and the envelope of overconsolidated soils which can 
be expressed as follows, 
6 1fM R R R
           
         (6.21) 
where  
2
12 3
M
M
 

 and R is the overconsolidation parameter which describe the distance between 
the current and the reference yield surfaces. R can be defined by the following ratio: 
 
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 
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 
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The initial similarity ratio ( 0R ) is determined by the initial effective stress ( p  ), and the initial effective 
degree of saturation ( eS ). For constant values of 0p , s0 and 0eS , a lower OCR value corresponds to a 
lower value of R. For constant values of 0p , s0 and v0, a higher value of eS corresponds to a higher value 
of R. If the initial state point is located on the normal compression surface, the initial value of the 
similarity ratio is equal to 1, which indicates that the yield surface is identical to the sub-loading surface. 
Moreover, R should be never smaller than 0 in this definition.  
 
6.2.6 Yield function and hardening law 
 
In the proposed model, a three-dimensional time dependent sub-loading surface is introduced in the 
space of p – q – eS – t which is shown in Figure 129. The sub-loading surface passes through the current 
state point unconditionally. The current yield function of the new EVP model can be written as follows, 
 
2
2r c
r r
p q
f p p
p M pp

  
 
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. (6.23) 
 
0
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 
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
, and the hardening law of the 3D current yield surface is as follows, 
                              
0
exp( )c c
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H tp p
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   (6.24) 
where 0
1p
c
e
 

. Compared with the time-independent current yield function in Yao et al. (2009), 
Zhou and Sheng (2015a), equation (6.23) is different in several aspects: this current yield function 
combines both time factor and UH factor . Furthermore, the reference yield functions can be expressed 
as follows, 
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          (6.25) 
 
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 where e
S 
 



, and the hardening law for reference yield surface is as follows:  
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  ,  (6.26) 
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It should be noted that, tpv in equation (6.26) consists of pv and tv according to equation (6.16) and 
equation (6.18), even though time is not related into the reference yield surface,. Therefore, the 
reference yield surface can also be affected by time.  
 
6.2.7 Derivation of time factor 
 
The value of t  in equation (6.24) is assumed to be independent of the deviator stress. In this case, it 
can use an isotropic loading path to solve t . An isotropic creep path is plotted in Figure 129. It can be 
calculated by substituting Equation (6.16)into equation (6.20) thus, dt is expressed as follows: 
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e M t
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 (6.27) 
that is                         
4
4
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     (6.28) 
where
 
2
 


 , t is a function of the real time increment dt and the formula for R is in 
equation(6.22).  
M
(0,0,1,0)
M
Se
p'
q
（Px1, 0 , Se, 0)
B1 B2
（Px2, 0 , Se, 0)（0, 0 , Se, 0)
（P2, 0 , 1, 0)A2A1（P1, 0 , 1, 0)
O2
O1
Current yield surface
Sub-loading surface
 
 148 
 
q
p'
 t
A2A1
（P2, 0 , Se, 0)（P1, 0 , Se, 0)
（0, 0, Se, 0)
Cxt（Pxt, 0 , Se, t)
C2
（P2, 0 , Se, t)
（P2, 0 , Se, t)C2
O1
O3
（0, 0 , Se, t)
Ax
Current yield surface
Reference yield surface
Isotropical creep
 
Figure 129 3D yield surface in time-dependent unsaturated UH model 
 
6.2.8 Flow rule and constitutive matrix 
 
An associated flow rule in the Yao et al. (2014a), Zhou and Sheng (2015a)will also adopted here which 
is: 
 
p
d
p 2 2 2
v
d 2
d
p qg
M p q
 
 


. (6.29) 
where pvd  is the increment of plastic volumetric strain and pdd  is the increment of plastic deviator 
strain. The increment of elastic volumetric strain ( evd ) and the increment of elastic deviator strain 
( edd ) can be written as follows, 
 e ev e d e
d 2(1 ) dd d ,  d d
1 1 9(1 2 )
p qc p d q
e p e p
      
   
   
 , (6.30) 
where is Poisson’s ratio. As stated before, the effective stress and effective degree of saturation are 
two constitutive variables, which eventually should be expressed as functions of raw variables, such 
as p and q , suction and degree of saturation, to comply those that are employed in the finite element 
methods. Therefore, based on the equations mentioned above, the new EVP model can be further 
generalised as a constitutive matrix in terms of raw variables, as follows: 
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. (6.31) 
which also can expressed as 
11 12 13 1
3 4 2 11 2 12 2 33 2
3 11 3 12 3 33 3
X A Y A Z A D
X B Y B Z B D
X C Y C Z C D

   
     
    
C  
The specific equation for each element in 3 4C   and the related parameters are detailed in Appendix 
II. 
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6.3 Validation for constitutive model 
 
This section presents the experiment validation for the experiment results in Chapter 5, which chapter 
presented the results of a series of CW tests in different strain rates (0.1%/h, 1%/h and 10%/h) and 
different OCRs (1, 2, 4, and 8) under different initial suctions (s=0, 100, 200, 300, 400 kPa). 41 
specimens are employed in this section to validate the proposed model.  
 
Figure 126, Figure 128 and Figure 131 are used to calibrate the model parameters for simulations 
which are listed in Table 18. λ0 and κ0 can be determined from the consolidation experiments which 
are shown in Figure 26. The test data for water retention behaviour is presented in Figure 126a, which 
can determine hydraulic parameters and Figure 126b determines the parameter a1. Figure 128 
determines the time factor t0 and β1. The mechanical parameters are determined from the experimental 
results, and Figure 26 determines λ0 and κ0. The combination calibration for this new proposed EVP 
model is shown in Figure 131, which confirms the validity of the key parameters.  
 
Table 18 Model parameters for reconstituted unsaturated Glenroy silt 
Mechanical parameters (4) Hydraulic parameters (8) Time factor (2) 
λ0  κ0   M  a1 ad m n aw m n a2 b t0(h) β1(/h) 
0.048  0.01  1.3 3 200 1.5 0.4 30 1.5 0.4 0.5 2 1/60 0.001 
 
6.3.1 Experimental results on stress histories for unsaturated Glenroy silt and model simulations 
 
This section presents the experimental validation for a series of constant water content triaxial tests 
with different suctions on the reconstitute Glenroy silt under different OCRs(1, 2, 4 and 8) with 
different initial suctions by using the new proposed EVP unsaturated model. The specimens’ shearing 
rate is 1%/h, and the initial suctions of the specimens were set to be 100, 200, 300 and 400kPa. In 
addition, four saturated specimens (s = 0) with strain rate=1%/h with different OCR values (1, 2, 4 and 
8) were employed to be the benchmark. In summary, in total 20 specimens are employed in this section 
to validate the proposed model. The model parameters for predictions are listed in Table 18. 
 
Figure 130(a) shows the stress-strain relationship of saturated Glenroy silt in CU tests with 
different confining stress histories (OCR=1, 2, 4, 8) and related model predictions. Figure 130(b) 
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shows the corresponding stress path behaviour and related model predictions. The prediction parameter 
for UH model is λ0=0.048, κ0=0.001, and M=1.35, and the void ratio before shearing for each OCR is 
0.54, 0.55, 0.56, and 0.57. When soil is fully saturated, the comparison between experiment and model 
prediction in Figure 130 proves the validity of key mechanical parameters and this is also a benchmark 
in order to compare with the difference between saturated and unsaturated soils.  
 
Figure 131 present a series of unsaturated triaxial compression tests on reconstituted Glenroy silt 
and the suction is set to 100 kPa. For each figure present (a)stress-strain relationship (q vs 1 ), (b)stress 
path ( p  vs q) and the (c)change of degree of saturation (Se vs 1 ) and (d) void ratio change (e vs 1 ) 
respectively. In addition, for each figure, the different symbols are used to present observed test results 
and solid curves are employed to stand for model predictions. The model parameters are calibrated 
from these figures.  
 
Figure 132 and Figure 133 present a series of unsaturated triaxial compression tests on 
reconstituted Glenroy silt, with the suction set to 200 kPa and 300 kPa, respectively. Each figure 
presents (a)stress-strain relationship (q vs 1 ), (b)stress path ( p  vs q) and the (c)change of degree of 
saturation (Se vs 1 ) (d) void ratio change (e vs 1 ) respectively. In addition, for each figure, the 
different symbols are used to present observed test results and solid curves are employed to stand for 
model predictions. 
 
Figure 134 presents a series of unsaturated triaxial compression tests on reconstituted Glenroy silt 
with the suction set to, 400 kPa. For each figure presents (a)stress-strain relationship (q vs 1 ), (b)stress 
path ( p  vs q) and the (c)change of degree of saturation (Se vs 1 ) (d) void ratio change (e vs 1 ) 
respectively. In addition, for each figure, the different symbols are used to present observed test results 
and solid curves are employed to stand for model predictions. 
 
In Figure 135, the suction behaviours for each test are compared with different OCRs; in addition, 
for each figure (i.e., for each suction level), four different stress histories (net stresses = 50, 100,200 
and 400 kPa before shearing) are involved in the constant water content triaxial compressions. The 
different symbols are used to present observed test results and solid curves are employed to stand for 
model predictions. As shown in Figure 131-Figure 135, the model predictions capture the test data 
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reasonably well for the reconstitute sample with various suctions (100, 200, 300 kPa) and various 
OCRs (OCR=1, OCR=2, OCR=4 and OCR=8).  
 
 
Figure 130 (a) Stress-strain relationship and (b) pore-pressure behaviour for saturated Glenroy silt in 
triaxial compressions and model prediction. 
(a) 
(b) 
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Figure 131 (a)Stress-strain relationship, (b)effective stress path, (c)saturation change and (d) void ratio 
change for unsaturated Glenroy silt (strain rate=1%/h, s=100 kPa) in constant water content triaxial 
compressions and model simulations.  
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Figure 132 (a) Stress-strain relationship, (b) effective stress path, (c)saturation change and (d) void 
ratio change for unsaturated Glenroy silt (strain rate=1%/h, s=200 kPa) in constant water content 
triaxial compressions and model simulations.  
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Figure 133 (a) Stress-strain relationship, (b) effective stress path, (c)saturation change and (d) void 
ratio change for unsaturated Glenroy silt (strain rate=1%/h, s=300 kPa) in constant water content 
triaxial compressions and model simulations. 
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Figure 134 (a) Stress-strain relationship, (b) effective stress path, (c)saturation change and (d)void 
ratio change for unsaturated Glenroy silt (strain rate=1%/h, s=300 kPa) in constant water content 
triaxial compressions and model simulations. 
 
 
(d) 
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Figure 135 Suction relationship for unsaturated Glenroy silt (for different OCRs) in constant water 
content triaxial compressions (a)OCR=1 (b) OCR=2(c) OCR=4 (d) OCR=8 and related model 
simulations. 
 
6.3.2 Experimental results on strain rate effects on unsaturated Glenroy silt and model 
simulations 
 
This section presents the experimental validation for a series of constant water content triaxial tests 
with different suctions on the reconstituted Glenroy silt under different strain rates by using the new 
EVP unsaturated model. The specimens are compressed to different rates (0.1, 1, 10%/h), the initial 
suctions of the specimens were set to be 100, 200 and 300 kPa. In addition, three saturated specimens 
(s = 0 kPa) with strain rate=0.1, 1, 10%/h were also employed to be a benchmark, and it is used to 
prove the validity of key mechanical parameters of this benchmark. In summary, a total of 12 
specimens are employed in this section to validate the proposed new EVP unsaturated model. The new 
EVP unsaturated model parameters for predictions are listed in Table 18. 
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Figure 136(a) shows the stress-strain relationship of saturated Glenroy silt in CU tests with 
different strain rates (strain rate =0.1, 1 and 10%/h) and model predictions. Figure 136 (b) shows the 
corresponding stress path behaviour and related model predictions. The prediction paramete are 
λ0=0.048, κ0=0.001, t0=1/60, β1=0.001, M=1.35, and the void ratio before shearing is 0.54. When soil 
is fully saturated, the comparison in Figure 136 also proves the validity of key mechanical parameters, 
and this is also a benchmark in order to compare the different strain rates between saturated and 
unsaturated soils. 
 
Figure 137 shows the predicted and measured results at various constant axial strain rates on 
Glenriy silt with the OCR=1 at suction s=100 kPa. Then, silts were sheared with three axial strain rates: 
0.1%/h, 1%/h and 10%/h. The initial confining pressure was 400 kPa. For each figure presents 
(a)stress-strain relationship (q vs 1 ), (b)stress path ( p  vs q) (c)change of degree of saturation (Se vs
1 ) and (d)void ratio change (v vs 1 ), respectively. This figure compares the experiment results with 
the model simulations, where it can be seen that the proposed model captures the key stress–strain, 
effective stress features of the unsaturated reconstituted soil behaviour under constant water content. 
 
Figure 138 shows the validation and measured results at various constant axial strain rates on 
Glenroy silts with the OCR=1 at suction s=200 kPa. Then, samples were sheared with three axial strain 
rates: 0.1, 1 and 10%/h. The initial confining pressure was 400 kPa. For each figure presents (a)stress-
strain relationship (q vs 1 ), (b)stress path ( p  vs q) , (c)change of degree of saturation (Se vs 1 ) and 
(d)void ratio change (v vs 1 ) respectively. This figure compares the experiment results with the model 
simulations, where it can be seen that the proposed model captures the key stress–strain, volume 
change and degree of saturation change features of the unsaturated reconstituted soil behaviour under 
constant water content for s=200kPa. 
 
Figure 139 shows the validation and measured results at various constant axial strain rates on 
Glenroy silts with the OCR=1 at suction s=300 kPa. Then, samples were sheared with three axial strain 
rates: 0.1, 1 and 10%/h. The initial confining pressure was 400 kPa. For each figure presents (a)stress-
strain relationship (q vs 1 ), (b)stress path ( p  vs q) (c)change of degree of saturation (Se vs 1 ) and 
(d)void ratio change (v vs 1 ), respectively. This figure compares the experiment results with the model 
simulations, where it can be seen that the proposed model captures the key stress–strain, volume 
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change and degree of saturation change features of the unsaturated reconstituted soil behaviour under 
constant water content for s=300kPa. 
 
Figure 140 shows the validated and measured suction behaviour of CW tests with three strain rates: 
0.1, 1 and 10%/h. The initial confining pressure was 400 kPa. For each figure presents (a)s=100 kPa 
(b) s=200 kPa and (c) s=300 kPa respectively. This figure compares the experiment results with the 
model simulations, where it can be seen that the proposed model captures the key suction change 
features of the unsaturated reconstituted soil behaviour under constant water content.  
 
 
Figure 136 (a) Stress-strain relationship and (b) stress path behaviour for saturated CU tests with 
different OCRs and different strain rates in triaxial compressions and model prediction  
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Figure 137 (a) Stress-strain relationship, (b) effective stress path, (c) volume change and (d) saturation 
change for unsaturated Glenroy silt (OCR=1, s=100 kPa) in constant water content triaxial 
compressions and model simulations. 
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Figure 138 (a) Stress-strain relationship, (b) effective stress path, (c) saturation change and (d) volume 
change for unsaturated Glenroy silt (OCR=1, s=200 kPa) in constant water content unsaturated triaxial 
compressions and model simulations.  
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Figure 139 (a) Stress-strain relationship, (b) effective stress path, (c) saturation change and (d) volume 
change for unsaturated Glenroy silt (OCR=1, s=300 kPa) in constant water content triaxial 
compressions and model simulations. 
 
(d) 
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Figure 140 Suction change for unsaturated Glenroy silt (for different strain rates) in constant water 
content triaxial compressions (a) 100 kPa (b) 200 kPa (c) 300 kPa and related model simulations. 
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6.4 Summary 
 
In this chapter, a new EVP constitutive unsaturated model is presented, which is based on effective 
degree of saturation, new equations for volume change, saturation variation, the yield surface, and 
constitute relationships. This model is developed in the present study, and this integration scheme is 
also used to validate the observed experimental results in Chapter 5. The validation of this model 
involves consolidation tests, SWCC tests, suction-controlled isotropic loading tests, isotropic 
compression tests, and undrained triaxial tests. The predictions and the experimental data in this 
chapter show that the new EVP model is suitable for the essential behaviour of the tested soil. Due to 
limitation of test data, more tests under other kinds of stress state and other kinds of soil should be 
used to examine the capacity of this model.  
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CHAPTER 7: CONCLUSION AND RECOMMENDATION 
 
 
7.1 Conclusions 
 
In this study, a series of tests was conducted to investigate the effects of various suctions, stain 
rates and OCRs on the undrained shear strength of Glenroy silt. Once drying occurs, important changes 
in behaviour take place. The temperature control system can make the sample variation into a small 
accept range. This also confirms the feasibility to use a different specimens with varying suctions to 
study the stress history effects on undrained shear strength of Glenroy silt. Different CU and CW tests 
were performed. The effects of strain rates and the influence of OCRs were investigated. This section 
is organized as follows. Section 7.1.1 is concerned with the experiment results for Glenroy silt, section 
7.1.2 shows the constitutive model investigation. 
 
7.1.1 The conclusions for experimental investigation 
 
(1) The deviator stress is increase with increased suction values and the peak deviator stress is 
decreased with increased strain rates. Higher suctions result in higher shear strength for all suctions in 
CW conditions. The suction plays a role in the shear resistance between gain contact points under 
unsaturated conditions.  
 
(2) The shearing rate may affect hydro-mechanical behaviour during the shearing. The peak deviator 
stress increases with increasing strain rates, but suction change decreases as the strain rate increases. 
The reason for this is that the shearing test is carried out at a constant moisture content, and the suction 
changes due to the volume change of the soil during the shearing. Furthermore, for different shearing 
rates, the speed of water penetration from one void to another during the shearing does not occur 
instantly for the unsaturated soil test. In this case, the water pressure transfer from one void to another 
also follows this flow rule, which lead the suction change is decreasing when the shearing rate 
increases.  
 
(3) The shearing rate can also affect the saturation change during shear; and when the unsaturated 
sample is taken into account in the experiments it shows a degree of saturation reduction with a high 
strain rate value. 
 
(4) The test results show that the higher suction specimen leads to higher shrinkage behaviour. 
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Furthermore, this behaviour follows the volume change declination law for the undrained test, in which 
the volume change ultimately equals zero when suction ultimately equals 0 kPa (CU test). 
 
(5) Higher OCR results in a higher peak deviator stress ratio for all soil conditions. 
 
(6) The deviator stress is increased with increase suction values and the peak deviator stress decreases 
with increased OCR. Higher suctions result in higher shear strength for all suctions in CW conditions. 
 
(7) The suction change during the shearing for higher initial suction values is lower than that for lower 
initial suction value tests. However, there is no significant difference between different stress histories. 
Thus, the shearing rate may affect this behaviour and this behaviour will be discussed in further 
research.  
 
(8) The stress history can also affect the saturation change during shearing, for all tests in OCR=1, 
the shear leads to an increase in saturation, and it shows a degree of saturation reduction with a higher 
OCR value (OCR = 2, 4, 8). 
 
(9) Higher OCR results in higher soil sample volume change during the shearing for unsaturated soils 
in CW conditions. When OCR = 1, all samples of constant water content during shear show a shrinkage 
behaviour, and this shrinkage behaviour is increases with increased suction in CW tests. In addition, 
when OCR>1, this exhibits an expansion behaviour and the expansion behaviour is increase with 
increased OCR and also increases with increased suction levels. 
 
7.1.2 The conclusions for constitutive model investigation 
 
To overcome the shortcomings of existing models, enhancements were introduced into the 3D time- 
dependent UH saturated model and unsaturated UH model by incorporating time effect concepts, and 
sub-loading surface and extending the hardening law to include the effects of the shear plastic 
deformations as well. The new EVP model was able to reproduce the dilatant, rate dependent behaviour 
observed in all the samples. The shear strength change, suction change, volume change and degree of 
saturation change during the shearing observed in the different tests was also well captured by the 
model. Smooth transitions between pre-yielding and post-yielding behaviours were predicted by the 
model, which reproduced the actual response observed in the experiments.  
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(1) The new EVP model can describe reasonably well the deviator stress, suction change, degree of 
saturation, and volume change of unsaturated silt, especially the phenomenon of abnormal deviator 
stress change due to different stress history and different strain rate.  
 
(2) The reference loading line and sub-loading line is consider in new EVP model for unsaturated soil.  
 
(3) With viscous parameter βis considered, the porepressure in soils will be larger than that without 
consideration of viscous nature. A larger creep parameter βresults in higher pore pressure and volume 
change during the consolidation process.  
 
(4) This new EVP model can take into account the time dependent stress-strain behaviour under 
different stress history of unsaturated soil. This model is constructed in a general stress state for 
unsaturated soil, and has a wider range of application that saturated EVP model.  
 
7.2．Recommendations for future research 
  
The rate dependent stress-strain behaviour of unsaturated soil is a challenging topic. There are still a 
number of problems that need further research. The following related problems should be studied in 
the future.  
 
(1) The experimental data of the mechanical behaviour of unsaturated Glenroy silt under different 
OCRs and strain rates are shown in this research. However, the stress history effect and strain-rate 
effect for high suction range(s >10 MPa) for unsaturated soil is not addressed in this research which 
can thus be discussed in the future.  
 
(2) The new EVP model of unsaturated soil under different OCRs and strain rates is shown in this 
research. However, the constitutive model for stress history effect and strain rate effect for high suction 
range (s >10 MPa) is not addressed in this research which can thus be discussed in the future.  
 
(3) Deep learning and nerve net techniques are widely used in all areas, not only for computer science, 
but also becomes an important simulation method in geotechnical area. In the future, a nerve net model 
for unsaturated soil can be built and a comparison with current mathematic EVP model can be given.  
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APPENDIX 
 
Mechanical volumetric strain 
The total derivative of the yield function (i.e., equation(6.25)) can be written as 
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where the equations for e
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  will be specified in Section 6.2.  The elastic volumetric strain 
can be directly written as 
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 (III) 
vσd can be solved by combining equation (II) and (III), and letting the variation of suction ( ds ) 
equate to zero, i.e., 
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 (IV) 
Substitute equation (IV) into (III) and (II) 
1v
d Xdp Ydq Zds D                     (V) 
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Mechanical Deviator strain 
From equation (6.29), 
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(VI) 
Where pdd is the incremental plastic deviator strain 
Similarly, 2 2 2 2dd X dp Y dq Z ds D                                                     (VII) 
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*B is in the appendix list.  
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The effective degree of saturation 
According to equation(6.3), the effective degree of saturation rate can be determined by  
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Elastic response 
According to (6.30) 
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